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Subtropical Mode Water (STMW) is a distinctive upper ocean structure in the western part of 
subtropical gyre in every ocean basin (the North Pacific, the North Atlantic, the South Pacific, the 
South Atlantic and the Indian Ocean). STMW has roots in the deep winter mixed layer associated 
with the winter cooling due to polar air outbreaks and is widely distributed from its formation region. 
Since STMW affects the stratification and heat content of the upper ocean in the wide area, it is 
regarded as an important ocean structure to understand mechanisms to form the upper ocean 
stratification and to govern ocean-atmosphere temporal variability. In order to understand the 
mechanism which is responsible for the formation of STMW characteristics, “comparison study of 
STMW” among basin would be an effective approach. Since to compare the characteristic of STMW 
in different basins can be regarded as a kind of control experiment in the laboratory, we could 
estimate the factors controlling the characteristic of STMW.  
However, the basic description of STMW in the Southern Hemisphere is not enough to 
conduct “comparison study of STMW” mainly because of the lack of the observation data in the 
Southern Hemisphere. In order to conduct “comparison study of STMW”, the basic description of 
STMW located in the Southern Hemisphere is firstly required. The basic descriptions about South 
Pacific STMW (SPSTMW) and Indian Ocean STMW (IOSTMW) are conducted in Chapter 2 and 
Chapter 3. Then, “the comparison study of STMW” in the world ocean is made in Chapter 4. 
In Chapter 2, the detailed spatial structure and temporal variability of SPSTMW are 
investigated mainly using World Ocean Atlas (WOA) 2001 climatology and the high-resolution 
expendable bathythermograph (HRX) line data. By detailed examination of spatial distributions 
using WOA 2001 climatology and HRX-PX06 line data, it is concluded that SPSTMW can be 
classified into three types, such as the West, North, and South types. The West type, situated in the 
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recirculation region (RR) of the East Australia Current (EAC), has a core layer temperature (CLT) of 
about 19.1°C; the North type, in the region north of the Tasman Front (TF) extension, has a CLT of 
about 17.6°C; and the South type, in the region south of the TF extension, has a CLT of about 16.0°C. 
The existence of three-types STMWs is quite different from the general features of STMWs in the 
Northern Hemisphere. STMW in the Northern Hemisphere has water characteristic with a single 
mode on the bivariate classes of temperature and salinity and STMW is almost located within the 
RR.  
The temporal variation of SPSTMW is also investigated using HRX line data. The long-term 
(>6 year) variations in the inventories of the three types are dissimilar to each other. The short-term 
(<6 year) and long-term variations in the mean CLT of the North and South types are greater than 
that of the West type. Winter cooling in the previous year may have influenced the short-term 
variation in the South-type CLT. Moreover, the strength of the EAC may have influenced long-term 
variation in the West-type inventory and thickness, and in the North-type thickness and CLT.  
In Chapter 3, the complete picture of IOSTMW is firstly presented. By changing the 
threshold of vertical temperature gradient continuously, water mass originating from winter mixed 
layer was extracted appropriately from the weak stratified temperature structure in the western part 
of the Indian Ocean subtropical gyre. Since this water mass forms a mode on the bivariate classes of 
temperature and salinity, it is concluded that IOSTMW exists as a robust structure in this region in 
summer. The averaged IOSTMW water characteristics are 16.54°±0.49°C, 35.51±0.04 psu and 
26.0±0.1 θσ  approximately during 1960-1990. It is also revealed that IOSTMW distribution area is 
25°-50°E and 27°-38°S, appearing as the area of a lateral minimum of low potential vorticity (less 
than 300×10-12 m-1s-1) on the 26.1 θσ  isopycnal surface. 
In Chapter 4, the comparison study of spatial structure of STMW in the world ocean is firstly 
carried out. By defining STMW in the world ocean with a unified rule, the comparison of STMWs in 
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the world ocean is made possible quantitative. Regarding the characteristic of horizontal structure, 
STMW is categorized into two groups from the view point of the relation to the general circulation 
pattern and the number of types of STMW water characteristics. While North Atlantic STMW 
(NASTMW), NPSTMW and IOSTMW which have a single type of water characteristics are located 
almost within RR, SPSTMW and South Atlantic STMW (SASTMW) which have multi-types of 
water characteristics are located both inside RR and outside RR. Regarding the characteristic of 
vertical stricture, it is shown that NASTMW has the thickest STMW (276±23 m) in the world ocean 
and NPSTMW, SASTMW and IOSTMW have almost the same thickness (168±16 m; 155±16 m; 
149±15 m). SPSTMW has the thinnest STMW (108±8 m) in the world ocean. The vertical structure 
of SASTMW is uniquely characterized by a highly density-compensating T/S stratification.  
By comparing the thickness of STMW, strength of winter cooling and strength of WBC, it is 
revealed that stronger WBC causes thicker STMW; the strength of winter cooling does not play a 
major role in determining the STMW thickness in each basin. In spite of the strongest winter cooling 
in its formation area, NPSTMW is much thinner than NASTMW and comparable to IOSTMW 
which is exposed much weaker cooling. The positive correlation between the WBC transport and the 
STMW thickness is also supposed by tight positive correlation between the STMW thickness and 
MTD which is a proxy of WBC transport. 
From the view point of vorticity dynamics, we could say that the North Atlantic has the ideal 
condition to have the largest net low potential vorticity (PV) brought by WBC, which takes a key 
role in forming the thickest STMW in the world ocean. That is, it has no effective mechanism 
allowing anomalous low PV to escape or dissipate. The Indian Ocean intermittently release Agulhas 
eddies bringing out low PV into the South Atlantic. The complex bottom topography such as Tokara 
strait and Izu-Ogasawara ridge in the North Pacific may dissipates low PV carried by the Kuroshio 




This dissertation firstly shows that stronger WBC is the dominant factor to form thicker 
STMW. By highlighting the similar points and dissimilar points of STMWs in the world ocean, this 
dissertation also presents a lot of interesting research topics for individual STMW. The future study 
of STMW (mode water) should be promoted from two aspects, comparison study of STMW (mode 
water) and detailed study for individual STMW (mode water). Those subsequence studies will be 
devoted to understand the mechanism how upper ocean structure is determined, to understand the 
ocean-atmosphere long-term variability, to promote palaeoceanography and to develop the 






I would like to express sincerely appreciation to Dr. Toshio Suga, my supervisor, for his 
continuous support during my graduate school. He always spares his time generously and gives me 
instructive suggestions. It is also great pleasure to acknowledge the continuous support of Professor 
Kimio Hanawa. He continuously leads my research with his comprehensive suggestions. This study 
would not be accomplished without their generous support. 
I would like to thank Dr. Shoichi Kizu for his insightful comments. The valuable advices by 
Professor Hiroshi Kawamura, Dr. Futoki Sakaida and Dr. Teruhisa Shimada are also greatly 
appreciated.  
My thanks further go to following persons. Dr. Hiroko Saito guided me with kind support 
and fruitful discussion from my undergraduate student. Dr. Hiroki Uehara always gave me helpful 
advices and encouraged me. The valuable discussion and heartful encouragement by Dr. Kanako 
Sato, Dr. Takuya Hasegawa, Dr. Sayaka Yasunaka, Dr. Takashi Yabuki and Dr. Chiho Sukigara 
was really appreciated. Dr. Takanori Horii enlightened me a positive attitude toward the research 
activity. Dr. Daisuke Inazu guided me by his sincere comments. The total computer maintenance 
by Dr. Shusaku Sugimoto was greatly appreciated. 
Various kinds of help for my dissertation including proofreading by Mr. Hidayat Rahmat, Mr. 
Katsuya Toyama and Mr. Yoshitake Nakagawa were appreciated. Without their help, this 
dissertation would not finish at this time. I also would like to thank the other members of Physical 
Oceanography Laboratory for broadening my scientific knowledge and generous support. I learned 
a lot from Mr. Koji Yagi and Mr. Hiroto Abe during my graduate course. I enjoyed discussion and 
talking with Mr. Tomonori Hattori, Mr. Mitsuro Nishida, Ms. Eri Miho, Ms. Kumiko Narikiyo, Mr. 
Haruhito Ito and Mr. Takehito Sato very much. 
 vi
I wish to thank Ms. Kumiko Ito and secretaries of the 21st Center-Of-Excellence program of 
Tohoku University for creating a pleasant and supporting working environment. 
 
It is my great pleasure to express my sincerely thanks to Professor Dean Roemmich at 
Scripps Institution of Oceanography who gave me a lot of thoughtful comments and enlarged my 
scientific vision. Dr. Frederick Bingham at University of North Carolina gave me valuable 
comments and kindly did English editing. Dr. Taiyo Kobayashi at Japan Agency for Marine-Earth 
Science and Technology and Dr. Eitarou Oka at University of Tokyo gave me constructive 
comments. Thanks to the hearty hosting by Dr. Terrence Joyce at Woods Hole Oceanographic 
Institution, Professor John Marshall at Massachusetts Institute of Technology, Dr. LuAnne 
Thompson at University of Washington and Dr. Brian King at National Oceanography Centre 
Southampton, I could discuss with dozens of scientists and broaden my scientific perspective. The 
discussions with Dr. Young-Oh Kwon and Dr. William Kessler were invaluable.  
This work was financially supported by the 21st Center-Of-Excellence program, ‘Advanced 
Science and Technology Center for the Dynamic Earth’, of Tohoku University during the years in 
my doctoral course. Thanks to this program, I experienced a lot of invaluable exchanges with 
domestic and foreign researchers and broaden my perspective. I am really obliged to this program. 
Tohoku University Lacrosse club team buddies and other friends enriched my graduate 
school life. I also would like to thank my beloved wife, Nao for her continuous assistance. Finally, I 












1. General introduction 1
1.1 Scientific background 1
1.2 The importance of comparison study 4
1.3 Objectives and the structure of this dissertation 5
 
2. Three types of South Pacific Subtropical Mode Waters: Their relation to 
the large-scale circulation of the South Pacific subtropical gyre and their 
temporal variability 8
2.1 Introduction 8
2.2 Data and methods 10
2.3 Spatial structure of SPSTMW 13
2.3.1 Relationship between SPSTMW and the large-scale circulation in the WOA 
2001 climatology 13
2.4.2 Relationship between the eastern part of SPSTMW and temperature fronts in 
the PX06 line section 14
2.4.3 Three types of SPSTMW 17
2.4 Temporal variation in three types of SPSTMW and its possible causes 18
2.4.1 Temporal variation observed in the HRX lines 18
2.4.2 Factors causing temporal variation 20
2.5 Summary and discussion 24
 viii
 
3. Indian Ocean Subtropical Mode Water 39
3.1 Introduction 39
3.2 Data and methods 40
3.3 Water characteristics of LMVTG 41
3.4 Spatial distribution of IOSTMW 44
3.5 Conclusion 46
 
4. Comparison study of spatial structure of Subtropical Mode Waters in the 
world ocean 52
4.1 Introduction 52
4.2 Data and methods 52
4.3 Spatial structure of STMW in the world ocean 54
4.3.1 Unified definition of STMW in the world ocean 54
4.3.2 Horizontal structure of STMW in the world ocean 56
4.3.3 Vertical structure of STMW in the world ocean 57
4.4 Dominant factor to determine the STMW thickness in the world ocean  58
4.5 Discussion 59
4.6 Summary and conclusion 61
 












The earth is the bright blue planet because about 70% of the earth’s surface is covered by the 
ocean. The ocean is an irreplaceable, familiar and unknown nature for human beings. Although a lot 
of ships come and go in the world ocean and many satellites observe sea surface precisely, the 
interior ocean is quite unknown. Since sunlight can only penetrate down to hundred meters below 
the sea surface, dark and high-pressure world exists in the interior ocean. Therefore, our knowledge 
about the interior ocean is dramatically poorer than that about sea surface.   
 
1.1 Scientific background 
The structure of the subtropical thermocline has fascinated physical oceanographers for many 
years, because it is perhaps the one of most prominent aspects of the ocean structure. To understand 
the mechanism how such ocean structure is formed and maintained is a classical and still interesting 
oceanographic problem. One of an effective approach to understand the ocean structure is to focus 
on the water mass, which is defined by the distinctive ocean structure. Since we can regard water 
mass as a kind of tracer, it is benefit to consider the mechanism to form ocean structure by 
considering the formation, advection and dissipation of water masses. 
Mode water is a type of the water masses which is characterized by the uniform water 
properties with large volume and thus corresponds to the specific mode of the volume distribution on 
the temperature and salinity bivariate plane (Hanawa and Talley 2001). It is formed by deep winter 
convection reaching to a few to several hundred meters in the late winter, associated with large heat 
release from the sea surface to the atmosphere. Since Mode waters are distributed over several 
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thousand kilometers with a few to several hundred meter thickness in the world ocean, mode waters 
prevail upper layer in the world ocean (Fig. 1.1). 
Mode water has been paid attention from two aspects, potential vorticity dynamics and 
impact on the climate variability. One of the epoch-making theories to understand the upper ocean 
structure was presented by Luyten et al. (1983), called as ventilated thermocline theory. They 
suggested that upper ocean structure can be understood as a layer model if we assume the potential 
vorticity is preserved after water column is subducted into the interior ocean and flows along a 
Sverdrup stream line. The homogenization of potential vorticity theory presented by Rhines and 
Young (1982a, b) was valid to treat the shadow zone and pool region of ventilated thermocline 
theory. Huang and Russell (1994) calculated the upper ocean structure with continuous stratification 
using realistic ocean and wind stress data. Reflecting the fascinated theoretical hypothesis, mode 
water has been regarded as an important water mass to evaluate the distribution of potential vorticity 
on an isopycnal layer using observation data (Talley 1988; McCarthy and Talley 1999; Suga et al. 
2004). The idea to estimate how much water is subducted into the interior ocean using observational 
data was also presented and the subduction rate was calculated in North Atlantic (Marshall et al. 
1993). The study to estimate subduction rate has been conducted for North Pacific (Huang and Qiu 
1994; Suga et al. 2007), South Pacific (Huang and Qiu 1998) and Indian Ocean (Karstensen and and 
Quadfasel 2002). 
Mode water also has been regarded as an important player for climate variability. The 
ocean-atmospheric interdecadal variability in the North Pacific has been reported (Nitta and Yamada 
1989; Minobe 1999) and several interesting hypotheses have been presented to understand climate 
variability (Latif and Barnett 1994; Gu and Philander 1997; Schneider et al. 2002). Gu and Philander 
(1997) suggested that temperature anomaly subducted in the mid-latidudes is advected to the 
equatorial region taking about 10 years and could affect the temperature stratification in the 
equatorial region. The changed SST field in the equatorial region may modify the atmospheric 
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Hadley circulation and change the mid-latitude westerly wind, resulting in forming the opposite sign 
of temperature anomaly in the mid-latitude. At this point, North Pacific Central Mode Water 
(NPCMW; Nakamura 1996; Suga et al. 1997) was paid attention so much as an actual carrier of 
temperature anomaly (Liu and Huang 1998; Johnson and McPhaden 1999; Harper 2000). Because of 
a same reason, South Pacific eastern Subtropical Mode Water (SPESTMW; Wong and Johnson 
2003) also has gathered the attention (Yeager and Large 2004; Johnson 2006; Nonaka and Sasaki 
2007). The isopycnal surface of SPESTMW directly connects to the equatorial region because of no 
strong convergence zone in the Southern Hemisphere. Intertropical Convergence Zone in the 
Northern Hemisphere forms ekman divergence and upwelling flow in the subsurface ocean which 
would prevent temperature anomaly from directly influencing the temperature stratification in the 
equatorial region.  
 
Subtropical Mode Water (STMW) is a type of mode waters, which is distributed in the 
western part of subtropical gyre (Hanawa and Talley 2001). Deep winter mixed layer develops in the 
western part of subtropical gyre because warmer water carried by the western boundary current 
(WBC) is subjected under the severe winter cooling by the polar air outbreaks. The area of STMW 
distribution, at least partly, coincides with the recirculation gyre of WBC. Therefore, the 
characteristic of STMW is essentially related to the characteristic of WBC, winter cooling and 
recirculation region.   
STMW is regarded as an important water mass in several reasons. Since STMW is the 
remnant of winter mixed layer, STMW preserves the temperature anomaly which reflects the 
intensity of winter cooling and acts as memory of the signal of climate change (Suga and Hanawa 
1995a; Yasuda and Hanawa 1997; Taneda et al. 2000). A part of STMW transmits these memories 
to the interior ocean below the winter mixed layer through the subduction process (Marshall et al. 
1993) and to the sea surface in the next winter through the reemergence mechanism (Alexander et al 
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1999; Hanawa and Sugimoto 2004). Reemergence is now presented as one of the key mechanisms 
influencing the interdecadal ocean-atmospheric variability in the North Pacific (Sugimoto 2006; 
Sugimoto and Hanawa 2007). STMW also receives the attention from biological oceanography. 
Sukigara et al. (2007) suggested that North Pacific STMW (NPSTMW; Masuzawa 1969) possibly 
provides nutrient to the euphotic zone of the western part of subtropical gyre. On the other hand, 
Palter et al. (2005) suggested that North Atlantic STMW (NASTMW; Worthington 1959) prevents 
the upwelling of rich nutrient from the deeper depth.  
It would be worth to mention that NPSTMW is unique water mass with regard to the 
ventilated thermocline theory, compared with North Pacific eastern STMW (NPESTMW; Hautala 
and Roemmich 1998) and NPCMW taking the example in the North Pacific. NPESTMW and 
NPCMW are categorized as ventilated layer which is directly connected to the sea surface by 
tracking back the Sverdrup stream line. NPSTMW is not categorized to ventilated water in their 
theory, which contradicts the basic image of STMW as a remnant of deep mixed layer. This 
discrepancy clearly represents that ventilated thermocline theory (linear physical dynamics model) 
can not treat STMW appropriately. The theoretical approach to treat STMW as ventilated layer just 
started these days (Dewar et al. 2005). The study on the mechanism to determine the characteristic 
of STMW using observational data is also required from this point of view.  
 
1.2 The importance of comparison study  
One of the interesting research methods to understand the factors to determine the 
characteristic of STMW was mentioned by Roemmich and Cornuelle (1992). STMWs in each basin 
(North Pacific, North Atlantic, South Pacific, South Atlantic and Indian Ocean) have different 
characteristics such as thickness, volume, temperature and salinity, which are formed under the 
different conditions such as the strength of winter cooling, strength of WBC, precipitation, 
evaporation and separation latitude of WBC (Fig. 1). We could evaluate the importance of those 
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factors in forming the characteristics of STMW by comparing the similar and dissimilar points of 
STMW characteristics and the formation conditions among the basins. For example, we recognize 
that STMW in the Northern Hemisphere is thicker than STMW in the Southern Hemisphere because 
strength of WBC and strength of winter cooling in the Northern Hemisphere are stronger than that in 
the Southern Hemisphere. Although above discussion does not go further discussion, we can 
estimate specific factor if we treat STMW in each basin independently. 
The comparison study will be an effective method to apply STMW which is located in the 
western part of subtropical gyre. Since the area of western part of subtropical gyre is governed by the 
non-linear physical dynamics, to understand every process to form the characteristic of STMW is 
quite difficult. On the other hand, STMW is a final product which experiences every process such as 
convection, advection, mixing and dissipation. Therefore, the comparison study is an effective 
method to apply STMW to estimate the factors to determine the characteristics of STMW. 
 
1.3 Objectives and the structure of this dissertation 
The goal of this study is to present the factors to determine the basic characteristics of STMW 
in the world ocean applying the comparison study of STMW. Although “comparison study of 
STMW” is regarded as an effective approach, only qualitative comparison has been partly discussed 
(McCartney 1982; Roemmich and Cornuelle 1992). The basic description of STMW in the Southern 
Hemisphere is not enough to conduct “comparison study of STMW” mainly because of the lack of 
the observational data. In these days, the number of observations in the Southern Hemisphere has 
been increased and the reliable gridded temperature and salinity datasets in the world ocean such as 
World Ocean Atlans 2001 (WOA; Boyer et al. 2002; Stephens et al. 2002) and HydroBase datasets 
(Lozier et al. 1995; Macdonald et al. 2001; Kobayashi and Suga 2006) have been prepared.  
The object of this dissertation has two holds. First, we focus on the South Pacific and Indian 
Ocean to describe the basic characteristics of STMW. Second, comparison study of STMW in the 
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world ocean will be carried out. The structure of remaining chapters is as follows. Chapter 2 
describes a detailed spatial structure and temporal variability of SPSTMW. Chapter 3 reveals the 
complete picture of Indian Ocean STMW and presents the averaged water characteristics and 
distribution area. Chapter 4 conducts the comparison study of STMW in the world ocean to 
investigate the factors to determine the basic characteristics of STMW. Chapter 5 gives a conclusion 









Figure 1.1: The schematic figure of distribution area of mode waters. Red colored areas show the 
subtropical mode waters associated with the subtropical western boundary currents in each basin 
(the first types). Pink colored areas show the eastern type of subtropical mode waters (the second 
types). Brown colored areas show the third types of subtropical and subpolar mode waters. Black 
arrows represent the subtropical gyre circulation.  
Cited from Hanawa and Talley (2001)




Three types of South Pacific Subtropical Mode Waters: 
Their relation to the large-scale circulation of the South Pacific subtropical gyre 




Subtropical Mode Water (STMW), identified as a thermostad or a pycnostad, is formed in 
winter by intense vertical mixing. Because the evolution of the convection essentially depends on 
sea surface cooling, STMW is thought to memorize wintertime cooling at the sea surface. 
Additionally, the temporal variations in volume and temperature of STMW are considered to have an 
influence on upper ocean stratification and heat content, because STMW has a relatively large 
volume in the subsurface ocean.  
STMWs are reported to be located in the western part of the subtropical gyre in each ocean 
basin (Hanawa and Talley 2001). Because STMWs are formed under different conditions, e.g., the 
intensity of wintertime cooling and the strength of the associated western boundary current, their 
properties vary from one basin to another. STMWs located in the subtropical gyre in the northern 
hemisphere are formed under stronger winter cooling, are located in more intense recirculation 
regions of the western boundary currents, and appear to be more spatially homogeneous 
(Worthington 1959; Masuzawa 1969; Suga et al. 1997). In contrast, STMWs located in the 
subtropical gyre in the southern hemisphere generally are formed under weaker wintertime cooling 
and appear less spatially homogeneous (Gordon et al. 1987; Roemmich and Cornuelle 1992; Provost 
et al. 1999). 
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The factors influencing the basic features of STMWs such as degree of homogeneity, volume, 
temperature, and salinity are still not well understood. A comparison of STMWs in different ocean 
basins would be an effective way to understand the factors affecting their different features, because 
they are formed and distributed under different conditions (Roemmich and Cornuelle 1992). 
However, southern hemisphere STMWs have been much less studied than those in the northern 
hemisphere, partly because of limited data availability. As a result, formation areas and spreading 
paths of STMWs have not been described as clearly in the southern hemisphere as in the northern 
hemisphere. Therefore, studies of STMWs in the southern hemisphere would improve not only our 
knowledge of southern hemisphere STMWs themselves, but also our understanding of factors 
influencing the basic features of STMWs in the world oceans. 
The western South Pacific has been observed more than the western South Atlantic and the 
southwest Indian Ocean. For example, the annual number of temperature observations at depths of 
200 m in the western South Pacific is greater than that in the western South Atlantic and the 
southwest Indian Ocean (Stephens et al. 2002). Consequently, the climatology in the World Ocean 
Atlas 2001 (WOA 2001; Stephens et al. 2002; Boyer et al. 2002) is more reliable for the western 
South Pacific than for the other basins of the southern hemisphere. A high quality dataset from 
repeated high resolution expendable bathythermograph (HRX) lines crossing the distribution area of 
the South Pacific STMW (SPSTMW) is also available. Therefore, the research target for the present 
study is the SPSTMW. 
SPSTMW was first described by Roemmich and Cornuelle (1992), who showed it to be a 
weak thermostad, with a temperature of 14–20°C and a vertical temperature gradient less than 
2.0°C/100 m, located in the western part of the South Pacific subtropical gyre. More recently, the 
inventory of SPSTMW observed in the PX06 line (see Fig. 2.2) has been shown to vary greatly over 
long time scales (Roemmich and Cornuelle 1992; Roemmich et al. 2005; Sprintall et al. 1995). 
However, the relationship between SPSTMW and the large-scale circulation of the South Pacific 
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subtropical gyre, as well as the factors causing the temporal variations in its temperature, remain 
unclear. 
The spatial structure of the large-scale circulation of the South Pacific subtropical gyre is 
considerably different from that of the North Pacific subtropical gyre. In this study, we refer to the 
large-scale circulation of the subtropical gyre as the current system including the western boundary 
current, the associated recirculation region, and the continuous eastward currents from the western 
boundary current. In the North Pacific subtropical gyre, the Kuroshio branches into the Kuroshio 
Extension and the Kuroshio Bifurcation. The main portion of the North Pacific STMW (NPSTMW) 
is located in the recirculation region of the Kuroshio and equatorward of the Kuroshio Extension 
(Hanawa 1987; Suga and Hanawa 1990, 1995b; Oka and Suga 2003). In the large-scale circulation 
of the South Pacific subtropical gyre, the associated recirculation region of the East Australian 
Current (EAC) is much smaller, and the EAC separates into a series of filament-like eastward flows 
in the Tasman Sea (Ridgway and Dunn 2003; Roemmich et al. 2005). 
In this chapter, the detailed spatial distribution of SPSTMW and its relation to the large-scale 
circulation of the South Pacific subtropical gyre are examined. Based on its spatial distribution and 
water properties, SPSTMW is classified into three types. I illustrate and examine possible factors 
causing the temporal variation in the inventories, thickness, and temperatures of these three water 
types on different time scales. 
The contents of this chapter are as follows: Section 2.2 describes the data and methods used 
in this study. The spatial distribution and classification of SPSTMW are described in Section 2.3. In 
Section 2.4, their temporal variations are examined and possible factors causing the temporal 
variation are discussed. Section 2.5 provides a summary and discussion. 
 
2.2 Data and methods 
SPSTMW is characterized by considerable seasonal variation and almost disappears in late 
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autumn (Roemmich and Cornuelle 1992). In this study, I focused on the spatial distribution and 
temporal variation in SPSTMW observed in summer, because SPSTMW is defined as a clear 
thermostad beneath the summer seasonal thermocline. 
The temperature and salinity data from the WOA 2001 and two HRX lines, the PX06 line 
running between Suva (Fiji) and Auckland (New Zealand) and the PX30 line running between Suva 
(Fiji) and Brisbane (Australia) are used. The WOA 2001 climatology database is based on a 0.25° × 
0.25° (latitude × longitude) spatial grid at standard levels (0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 
250, 300, 400, 500, 600 m…). Temperature data were used to illustrate the spatial distribution of 
SPSTMW, and temperature and salinity data were used to calculate dynamic height relative to 1000 
dbar. 
The HRX data were obtained from the Scripps Institution of Oceanography website 
(http://www-hrx.ucsd.edu/index.html). The profiles were 30–40 km apart in mid-track and 10–20 km 
apart near the coast and over topographic features. Temperature data were usually available from the 
sea surface to 850-m depths in 2-m vertical bins, on average. The PX06 line was occupied four times 
a year from 1986 to 2003, including 29 transects from December to April. The PX30 line was also 
occupied four times a year from 1992 to 2005, including 24 transects from December to April. The 
HRX line data has a different analyzed period (December–April) than the WOA 2001 climatology 
data has (January–March), because in several years the PX30 line was not occupied from January to 
March. Preliminary analysis indicated that the mean seasonal change in SPSTMW characteristics 
along the HRX lines during December to April is rather small, suggesting that this extended period 
can be used to represent the characteristics of SPSTMW in summer. 
SPSTMW is defined as a water mass with a temperature of 14°–22°C and a vertical 
temperature gradient minimum less than 2°C/100 m north of 30°S and less than 1.8°C/100 m south 
of 30°S. The definition of SPSTMW is changed from that of Roemmich and Cornuelle (1992), a 
temperature range of 14°–20°C and a vertical temperature gradient minimum less than 2°C/100 m, 
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to define SPSTMW as a thermostad with a minimum vertical temperature gradient. A stricter vertical 
temperature gradient criterion is implemented south of 30°S, because the background temperature 
stratification of the study region weakens toward the south (Fig. 2.1a). It is difficult to detect a 
vertical temperature gradient minimum with the criterion of 2.0°C/100 m south of 30°S. In addition, 
the temperature range of the SPSTMW is extended because temperatures above 20°C are sometimes 
observed along the PX30 line. Even in the averaged section, SPSTMW along the PX30 line slightly 
exceeded the 20°C isotherm (Fig. 2.1b). 
The core layer temperature (CLT) of SPSTMW is defined as the temperature at the absolute 
minimum of the vertical temperature gradient in SPSTMW for each profile and is expected to be the 
best record of the wintertime mixed layer condition. 
The vertical temperature gradient of the WOA 2001 climatology and the HRX line data were 
calculated as follows. My intention was to ensure that HRX line data had the same vertical 
resolution as WOA climatology data and to preserve a high horizontal resolution. The standard depth 
grid of the WOA 2001 climatology data was interpolated to 10-m vertical intervals using Akima’s 
shape-preserving local spline (Akima 1970). The vertical temperature gradient at a given depth was 
calculated based on the difference between temperatures 10 m above and below. The HRX line data 
were first smoothed vertically using a 3-point (window of 6 m) median filter 30 times to smooth out 
vertical temperature structure smaller than about 60 m. The data were then gridded horizontally at 
40-km intervals using a Gaussian filter with an e-folding scale of 60 km. This filtering smoothed out 
disturbances with horizontal length scales smaller than about 200 km, while resolving temperature 
fronts running across HRX lines. The vertical temperature gradient at a given depth was calculated 
using temperatures 2 m above and below. 
Monthly wind stress data and heat flux data from the European Center for Medium-Range 
Weather Forecasts (ECMWF Reanalysis-40; ERA-40; Simmons and Gibson 2000) were used. The 
data period was from 1957 to 2002, and the spatial grid scale was 2.5° × 2.5°. Monthly mean sea 
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surface temperature (SST) data prepared by Reynolds et al. (2002) were also used, with a data period 
from 1971 to 2000 and an original spatial grid scale of 2° × 2°. The SST data were re-sampled onto 
the 2.5° × 2.5° ECMWF grid using a Gaussian filter with an e-folding scale of 500 km. 
 
2.3 Spatial structure of SPSTMW 
2.3.1 Relationship between SPSTMW and the large-scale circulation in the WOA 2001 
climatology 
My purpose in this section is to describe in detail, using WOA 2001 climatology, the spatial 
distribution of SPSTMW and its relation to the large-scale circulation of the South Pacific 
subtropical gyre. Figure 2.2 shows the spatial distribution of SPSTMW thickness superimposed on 
the dynamic height at 180 dbar. This depth was chosen because the core layers of SPSTMW are 
generally observed around 180 dbar. Although the thickness of SPSTMW appeared to change 
abruptly across 30°S, this change was the result of the changing definition of SPSTMW. Two 
separate thickness maxima are situated around 160°E and 175°E in the 25°–30°S latitudinal band. 
Although these separate thickness maxima are marginally distinguished in the map of Roemmich 
and Cornuelle (1992, their Fig. 2.2c), they did not mention this feature. The maximum around 160°E 
was located in the recirculation region of the EAC and the adjacent area of weak flow on the 
equator-side of the dynamic height of the 12.0-m2 s-2 contour. In contrast, the maximum around 
175°E was located in the region of broad eastward flow. 
Core layer water properties of major portions of each part were analyzed to further examine 
properties of the two SPSTMW thickness maxima. Here, the major portion was defined as the area 
of the SPSTMW layer with a thickness greater than 120 m north of 30°S and 60 m south of 30°S 
(Fig. 2.3a). The criteria of 120 m and 60 m were selected to spatially separate the two thickness 
maxima. The resulting temperature-salinity (θ-S) diagram shows that the water properties of these 
two maxima differed (Fig. 2.3b). The water properties of the western maximum were fairly uniform 
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and centered on about 19.0°C and 35.65 psu. In contrast, the eastern maximum showed a much 
wider range of temperature and salinity, 15.0°–18.5°C and 35.35–35.65 psu. The CLT of the western 
and eastern thickness maxima formed a mode class around 19.0°C and 17.0°C, respectively (Fig. 
2.3c). It is also notable that Norfolk Ridge is situated between the western and eastern maxima, and 
this topographic feature may affect upper ocean temperature structure, especially on the Tasman 
Front (TF; Stanton 1979; Mulhearn 1987; Tilberg et al. 2001). 
Here I classified SPSTMW into two parts based on the spatial distribution of its thickness and 
water properties. The western part, defined as a thermostad located in the region west of 167°E and 
north of 30°S, was situated within the recirculation region of the EAC and had fairly uniform water 
properties. The eastern part, defined as a thermostad located in the region east of 167°E or south of 
30°S, was situated within the broad eastward flow and had a wider range of temperature and salinity. 
 
2.3.2 Relationship between the eastern part of SPSTMW and temperature fronts in the 
PX06 line section 
The large-scale circulation depicted in the WOA 2001 climatology (Fig. 2.2) differed 
somewhat from previous descriptions. Although WOA 2001 climatology shows the broad eastward 
flow as a continuous extension of the EAC, it has been reported that EAC outflow from the western 
boundary splits into a series of eastward and northeastward currents (Ridgway and Dunn 2003, their 
Fig. 2.7). The WOA 2001 climatology does not show the filaments of the eastward flow, because its 
temporally and spatially smoothed field cannot preserve fine flow patterns. Because the eastern part 
of SPSTMW is situated in the region of these filament currents, WOA 2001 climatology presumably 
does not fully resolve the spatial distribution of the eastern SPSTMW. 
The PX06 line crosses the eastern part of SPSTMW and the region with the eastward flow 
filaments extending from the EAC (Fig. 2.2). A temperature front associated with the East Auckland 
Current (EAUC) is showed to be located north of New Zealand, and the continuation of the TF runs 
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along about 29°S in the PX06 line section (Roemmich and Cornuelle 1990). I detected temperature 
fronts in the PX06 line section in summer and describe the relationships between the fronts and 
SPSTMW. 
Figure 2.4 shows the mean temperature section averaged over all 29 summer transects from 
1986 to 2004 and the associated standard deviations. This section of the standard deviations almost 
resembles that of Roemmich and Cornuelle (1990, their Fig. 2.5), who calculated standard deviations 
using all transects irrespective of season from 1986 to 1990. The main difference between their 
result and my result is seen in the layers from the sea surface to a depth of 50 m. The standard 
deviations at 0–50 m depth in this study’s section were much smaller because of the exclusion of 
seasonal cycles. Otherwise the two sections had almost the same characteristics. As Roemmich and 
Cornuelle (1990) mentioned, the maximum standard deviations around 34°, 29°, and 23°S of around 
250–500 m corresponded to the EAUC, the continuation of the TF, and the Tropical Convergence, 
respectively. 
I also examined the maximum of 21°–27°S around 80–180 m, which also marginally 
appeared in Roemmich and Cornuelle (1990), but was not discussed. I carefully examined the 
21°–27°S latitudinal band and subjectively found that one or two temperature fronts appeared in this 
region in each section: one temperature front appeared in 18 sections and two fronts appeared in 11 
sections out of 29 summer sections during 1986–2004. In addition, a temperature front always 
appeared between 21° and 24.5°S and only occasionally between 24.5° and 27°S. These fronts 
should correspond to the filaments of eastward flow extending from the EAC (Ridgway and Dunn 
2003). In this study, I regarded the temperature front situated in the 21°–24.5°S latitudinal band as a 
permanent front. Consequently, three temperature fronts are detected. The temperature fronts around 
34°S, 29°S, and 21°–24.5°S are regarded as those associated with the EAUC, the continuation of the 
TF, and the signature of an eastward current, respectively. 
Although much research has examined the TF (Stanton 1979; Mulhearn 1987), it has not been 
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clearly defined. The TF is reported to become weaker after passing the Lord Howe Rise (Stanton 
1979; Mulhearn 1987; Ridgway and Dunn 2003), but few studies have monitored the TF after it 
passes this point. Therefore, the positions of three temperature fronts in each section were defined as 
those where the horizontal temperature gradient averaged over 100–500-m depths had a maximum 
south of 32°S and around 27°–31°S, and that averaged over 100–200-m depths had a maximum 
around 21°–24.5°S. The three segments used to detect front positions corresponded to the areas with 
large standard deviations. Hereafter, I will refer to these three fronts around 34°, 29°, and 23°S as the 
EAUC front, the TF extension, and the 23°S front, respectively. 
I examined the relationship between the above-defined temperature fronts and SPSTMW in 
the PX06 line section, starting with an inspection of individual sections, e.g., April 1988. In this 
section, SPSTMW was clearly divided by the TF extension (Fig. 2.5a). The 23°S (EAUC) front was 
located on the northern (southern) edge of SPSTMW. The CLT increased by 2.1°C northward across 
the TF extension and was meridionally uniform over 400–500 km on either side of the TF extension 
(Fig. 2.5b). The CLT distribution appeared to be characterized by two zones with distinct and fairly 
uniform CLT divided by the TF extension and bounded to the north (south) by the 23°S (EAUC) 
front. This structure was substantially different from that depicted in WOA 2001 climatology, where 
the CLT of the eastern part of SPSTMW increased gradually to the north (not shown). The same 
situation as in the WOA 2001 climatology appeared in the average section of the PX06 line, i.e., no 
significant temperature front existed in the section (Fig. 2.1a). While the positions of the fronts and 
the absolute values of the CLT differed from one section to another, I found essentially the same 
relationship between SPSTMW and the fronts in the other individual sections. Mean temperature 
sections indicate that the 23°S (EAUC) front was located at the northern (southern) boundary of 
SPSTMW (Fig. 2.1a). The northern (southern) boundary of SPSTMW was almost 25°S (33°S), 
corresponding to the standard deviation maxima in the PX06 line section (Fig. 2.4). 
To characterize the mean spatial structure of SPSTMW relative to the TF extension, I 
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averaged the CLT over the entire summer period with respect to the meridional coordinate using the 
position of the TF extension as its origin (Fig. 2.6). Similar methods have been used to depict the 
mean hydrographic structure near the Kuroshio Front in the western North Pacific (Hanawa and 
Hoshino 1988; Bingham 1992). Figure 2.6 clearly demonstrates that the CLT increases to the north 
about 1.5°C across the TF extension, but is relatively meridionally uniform over about 400 km to 
either side of the TF extension. This mean structure of CLT suggested that the eastern part of 
SPSTMW could be further classified into two types. 
 
2.3.3 Three types of SPSTMW 
The mean pictures of SPSTMW based on the WOA 2001 climatology and the PX06 line data 
are combined consistently as follows. SPSTMW in the WOA 2001 climatology was classified into 
western and eastern parts. Considering the spatial distribution of CLT in the PX06 line section, the 
eastern part of SPSTMW was further divided into two types. The key to this latter classification was 
the abrupt change in CLT across the TF extension in the PX06 line section. This abrupt change was 
only detected in individual sections or through the averaging procedure using a meridional 
coordinate with respect to the TF extension, because the TF extension position varies and the CLT 
north and south of the TF extension changes from year to year. Therefore, I could not find the abrupt 
change in CLT in the WOA 2001 climatology. However, by combining the images based on the 
WOA 2001 climatology and the PX06 line data, the SPSTMW was classified into three types. 
I propose a schematic synoptic spatial distribution of SPSTMW in the South Pacific 
subtropical gyre (Fig. 2.7). The SPSTMW consists of three types: the West, North, and South types. 
The West type is located in the recirculation region of EAC and has a CLT of about 19.1°C. The 
North type is located in the region between the 23°S front and the TF extension and has a CLT of 
about 17.6°C. The South type is located in the region between the TF extension and the EAUC front 
and has a CLT of about 16.0°C. The TF extension, EAUC front, and the 23°S front are not spatially 
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fixed boundaries; rather, they shift over time. This spatial pattern and relation to a series of filament 
flows as continuous flows from EAC is quite different from that of NPSTMW, the North Pacific 
counterpart of SPSTMW. 
 
2.4 Temporal variation in three types of SPSTMW and its possible causes 
2.4.1 Temporal variation observed in the HRX lines 
The PX06 line crosses the North and South types of SPSTMW meridionally and the PX30 
line crosses the northern part of the West type almost zonally (see Fig. 2.2). Although the PX30 line 
is located at the northern margin of the West type in the climatological map (Fig. 2.2), the West type 
always appears in individual PX30 line sections. The inventory, mean thickness, and mean CLT of 
each type are defined in every summer section for the entire period to investigate the temporal 
variation in SPSTMW. The inventory was defined as the area observed in assigned segments of each 
section. The segments of the sections used to calculate inventory of the three types were a segment 
west of 167°E for the West type, a segment between the TF extension and the 23°S front for the 
North type, and a segment between the TF extension and the EAUC front for the South type. The 
sectional mean CLT (thickness) of each of the three types was defined by averaging the CLT 
(thickness) in each assigned segment. The segments of the sections used to calculate mean CLT and 
mean thickness of the three types were 155°–165°E for the West type and 50–450 km north (south) 
of the TF extension for the North (South) type. 
The HRX line data include one to three repeat measurements per summer (December–April). 
To make the data gridded at 1-year intervals, the time series of inventory, mean thickness, and mean 
CLT are filtered using a Gaussian filter with a 1-year half-power point having a 0.5-year filter 
window. This calculation effectively meant that if only one section was measured in a summer, these 
single values of inventory, mean thickness, and mean CLT were adopted as the values for the entire 
summer; if two or three sections were measured in a summer, the average values were adopted. 
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These original gridded time series were low-pass filtered using a Gaussian filter with a 6-year 
half-power point to evaluate long-term variation. Time series representing short-term variation were 
obtained by subtracting the low-pass filtered time series from the original gridded time series. The 
long-term and short-term variation in the re-analysis flux data were also evaluated in the same 
manner. 
The HRX-line time series are somewhat short for investigating long-term variation. The 
criteria for measuring the significance of correlation coefficients of long-term variability were 
calculated using t-distribution checking. Degrees of freedom were calculated using the zero-crossing 
autocorrelation scale of each time series. The 5% significance level was used to evaluate correlation 
coefficients. 
Figure 2.8 shows the long-term temporal variation in the inventories of the three types. The 
inventories of the three types showed dissimilar temporal variation. The West type had maxima in 
1995–1996 and 2001 and a minimum in 1998. The North type had a minimum in 1990 and a 
maximum in 1993, and gradually decreased after that point. The South type had minima in 
1990–1993 and 2000 and maxima in 1995–1997. These long-term variations were primarily 
determined by long-term variations in thickness rather than in meridional extent. Correlations 
between time series of thickness and of inventory of the three types were significantly positive with 
correlation coefficients of 0.96, 0.96, and 0.92 for the West, North, and South types, respectively. 
Although the meridional extent of each type varied to some degree, the correlations between time 
series of meridional extent and of the inventory of the three types were not significant. The large 
long-term variation in inventory observed in the PX06 line can reportedly be regarded as variation in 
the single water mass (Roemmich et al. 2005). Figure 2.8 shows that maxima in the North type in 
1993 and the South type in 1995–1997 together contributed to the prolonged maximum in 
1992–1996 reported by Roemmich et al. (2005). 
Figure 2.9 shows the original gridded and low-pass filtered CLT time series of the three types 
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of SPSTMW. The North and South types had large long-term variation, while the West type had a 
small degree of variation. The standard deviations of long-term variation in the West, North, and 
South types were 0.12°, 0.33°, and 0.34°C, respectively. The North type had maxima in 1991 and 
2002 and a minimum in 1993–1996. The South type had maxima in 1990 and 2001 and a minimum 
in 1993. The short-term variations were larger in the North and South types than in the West type. 
The standard deviations of short-term variation in the West, North, and South types were 0.19°, 
0.38°, and 0.39°C, respectively. A significant negative correlation (-0.82) was found in the long-term 
variation of the North type between the inventory and CLT time series, indicating that the larger 
volume of the North type tends to have a colder CLT. 
I will not discuss the short-term temporal variation in inventory in this study, because there 
were only one to three sections per summer. While short-term variation in inventory is highly 
influenced by mesoscale eddies, that in CLT is not. Although a mesoscale eddy does not change the 
water mass temperature, it dynamically distorts the isotherm. That is, the extension (squeeze) of the 
isotherm interval by an anticyclonic (cyclonic) eddy makes the inventory of SPSTMW greatly 
increase (decrease). Thus, inventory should be sensitive to mesoscale eddies, unlike mean CLT. The 
time series of short-term inventory obtained from HRX line data was not appropriate for describing 
representative year-to-year variation in inventory. In contrast, the time series of long-term inventory 
obtained from HRX line data was appropriate for describing representative long-term variation in 
inventory, because averaging the inventory over several years should cancel out the influence of 
mesoscale eddies. 
 
2.4.2 Factors causing temporal variation 
In the North Pacific, short-term variation in the CLT of NPSTMW is showed to be influenced 
by the strength of wintertime cooling (Taneda et al. 2000), and the long-term variation in CLT is 
influenced by the strength of the Kuroshio transport (Hanawa and Kamada 2001). The factors 
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causing the temporal variation in SPSTMW are examined, considering these previous results for 
NPSTMW. Winter cooling is examined as a possible factor affecting short-term variation in CLT, 
and winter cooling and the strength of EAC as possible causes of long-term variation in inventory, 
thickness, and CLT. 
The degree of winter cooling is defined as the summation of sea surface heat flux and the 
Ekman heat divergence, and is hereafter referred to as heat flux. Because the monthly average heat 
flux for April–September is negative, The degree of winter cooling is defined in a given year as the 
average heat flux during this period. In contrast, defining the transport of a western boundary current 
is complicated because of the difficulty in determining the offshore edge of the western boundary 
current (Gilson and Roemmich 2002). Because appropriately defining the EAC transport is not an 
easy task, the strength of EAC for a given year was estimated by the wind forcing over the South 
Pacific subtropical gyre. It has been reported that the wind stress curl in the central North Pacific 
leads the Kuroshio transport by some years (Yasuda and Kitamura 2003; Wakata et al. 2006). As a 
proxy for the EAC transport, the annual mean streamfunction of the Sverdrup transport at 156.25°E 
and 28.75°S was defined. This will represent the Sverdrup transport corresponding to the EAC, 
because the streamfunction has a maximum at this point in the western South Pacific. 
If winter cooling is the main factor causing short-term variation in CLT, an area where the 
heat flux variation is highly correlated with CLT variation will appear in a probable SPSTMW 
formation area. Additionally, the probable formation areas would be roughly identified as the areas 
of deep mixed layers upstream of each of three types in the HRX lines. A correlation coefficient 
between short-term variation in the mean CLT for each of the three types and that of heat flux is 
calculated. Figure 2.10 shows where the correlation coefficient between the short-term variation in 
CLT of the South type and that of heat flux at each grid point exceeded the significance level of 5%. 
A significant positive correlation appeared around 167°–172°E, 29°–38°S. This area contains the 
deep winter mixed layer, which is evaluated by the mixed layer depth calculated from WOA 2001 
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winter (July–September) climatology as the depth where the temperature is 0.5°C lower than SST. 
Also, the 29°–34°S latitudinal band corresponds to upstream of the South type in the PX06 line. No 
significant correlation was found between the short-term variation in CLT of the West and North 
types and heat flux in the probable formation areas. 
The area of positive significant correlation coinciding with deep mixed layers in the probable 
formation area suggests that short-term variation in CLT of the South type was mainly influenced by 
winter cooling. The positive correlation suggests that stronger (weaker) winter cooling causes colder 
(warmer) CLT. I cannot exactly determine the formation area of the South type in the present 
analysis. This research topic would require further analysis and is beyond the scope of this study. 
The lack of significant correlation for the West type may be due to the low signal-to-noise ratio, 
because the West type has small short-term variation in CLT. The lack of significant correlation for 
the North type may be the result of the small absolute value of inventory, indicating that the CLT of 
the North type is difficult to properly detect in some years, especially during 1988–1992 and 
2001–2003. Note that the South type has a stricter vertical temperature gradient. Although the 
averaged inventory of the South type for the entire period was comparable to that of the North type 
(Fig. 2.8), the South type was actually a more homogeneous thermostad. Thus I expect that the South 
type better conserves the winter mixed layer conditions. 
I examined the correlation between long-term variation in CLT and heat flux and between 
long-term variation in inventory and heat flux. No significant correlation was found between 
long-term variation in the CLT of all types and heat flux in the probable formation area. Similarly, no 
significant correlation was detected between long-term variation in inventory of all types and that of 
heat flux in probable formation areas. While the analyzed time series may be short, these results 
imply that heat flux did not have a significant influence on the long-term variation in all types of 
SPSTMW. 
Lag correlation analyses between long-term variation in inventory, thickness, and CLT and 
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that of the Sverdrup transport representing the EAC transport were also performed. The inventory 
and thickness of the West type had significant negative correlations (-0.90 and -0.92) with the lag of 
12 years. The thickness of the North type was significantly negatively correlated (-0.81) with the lag 
of 10 years, and its CLT had a significant positive correlation (0.82) with the lag of 9 years. Here lag 
correlation analysis was not applied to the CLT of the West type, which did not show large long-term 
variation. The lag correlation analysis results are summarized in Table 2.1. 
The lag between the Sverdrup transport and the EAC transport can be roughly estimated as 
follows. The first baroclinic mode of a westward-moving Rossby wave is regarded as a main 
information carrier of the up-and-down movement of the thermocline, which will eventually change 
the EAC transport. The change in EAC transport will lead the advection downstream to the 
formation zone, and thus affects the formation rate. Maharaj et al. (2005) estimated the phase speed 
of the long Rossby wave in the South Pacific using satellite observation data. Based on their results, 
the propagation time of the first mode Rossby wave from the central South Pacific to the eastern 
coast of Australia at 30°S is estimated as 5–8 years. This value is a shorter time than the lag of 9–12 
years calculated by the present analysis. The difference may result from the influence of irregularity 
in western South Pacific bottom topography. This topography may excite higher Rossby wave modes 
with lower propagation speeds, which also play a role in the westward propagation of the 
thermocline movement. 
The above estimation of Rossby wave propagation time implies the tendency that when EAC 
is strong (weak), less (more) and warmer (colder) SPSTMW will be formed. I interpret this result as 
follows. When the EAC becomes stronger (weaker), warmer (colder) water is supplied to the 
SPSTMW formation area. This makes the water column of the formation area warmer (colder). At 
the same time, a stronger EAC will possibly make the stratification in the formation area more 
intense, because the advective warming is larger in the upper ocean because of the higher velocity 
and along-flow temperature gradient in the shallow layer. Thus the stronger EAC carries more 
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upstream warmer water to the formation area, and possibly makes stratification in the formation area 
more intense. As a result, with the delay of 9–12 years after the enhanced Sverdrup transport, the 
inventory and thickness of the West and thickness of the North type decrease, and CLT of the North 
type increases. 
 
2.5 Summary and discussion 
The purpose of this study was twofold. First, I examined the detailed spatial distribution of 
SPSTMW and classified SPSTMW into three types, taking into account several features of 
SPSTMW detected in the WOA 2001 climatology and the PX06 line section: the spatial distribution, 
water properties, and relation to the large-scale circulation, including variable filament currents. 
Based on the WOA 2001 climatology, SPSTMW is classified into two parts, the western and eastern 
parts. Based on the PX06 line data, which crosses the eastern part meridionally, it was showed that 
the eastern part is further divided into two types by the TF extension. The CLT changes by about 
1.5°C across the TF extension in the mean section constructed using a meridional coordinate with 
respect to the TF extension. Accordingly, I concluded that SPSTMW is classified into three types: 
the West, North, and South types (Fig. 2.7). The West type is located in the recirculation region of 
EAC and has a CLT of about 19.1°C. The North type is located in the region between the 23°S front 
and the TF extension and has a CLT of about 17.6°C. The South type is located in the region 
between the TF extension and the EAUC front and has a CLT of about 16.0°C. 
The second part of this study described the temporal variation in the three types of SPSTMW 
using HRX line data and examined possible factors causing the temporal variation on different time 
scales. The three types differed in the long-term variation in inventory. The short-term and long-term 
variations in mean CLT of the North and South types were large, while that of the West type was 
small. The heat flux and EAC transport represented by the Sverdrup transport are examined as 
factors influencing temporal variation. Short-term variation in heat flux may influence the short-term 
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variation in CLT of the South type, and long-term variation in the strength of the EAC may possibly 
influence the long-term variation in inventory and thickness of the West type and the long-term 
variation in thickness and CLT of the North type. 
The results of this study will help advance our general understanding of STMW through an 
intercomparison among STMWs in different basins. Here I briefly compare SPSTMW with 
NPSTMW and NPCMW. Figure 2.11 shows the spatial distribution of CLT of thermostads with a 
thickness greater than 80 m superimposed on the dynamic height at 180 dbar in the North Pacific 
and in the South Pacific. A thermostad with a temperature of 14°–20°C is defined as a layer with a 
vertical temperature gradient less than 2.0°C/100 m and a thermostad with a temperature of 7°–13°C 
is defined as a layer with a vertical temperature gradient less than 1.6°C/100 m. According to 
previous studies, the thermostads around 130°–165°E and around 180°–145°W in the North Pacific 
correspond to NPSTMW (Masuzawa 1969; Suga and Hanawa 1995b) and NPCMW (Nakamura et al. 
1996; Suga et al. 1997), respectively. SPSTMW is identified as the thermostad around 
155°E–175°W in the South Pacific. 
NPSTMW is located in the large recirculation region of the Kuroshio and has a nearly 
uniform CLT of 16°–17°C, whereas SPSTMW is located in the small recirculation region of EAC 
(the West type) and a region of weak eastward flow (the North and South types) and has a larger 
CLT range of 14°–20°C. As far as the relation between narrow CLT range and the tight relation to 
recirculation are concerned, the West type of SPSTMW appears to correspond to NPSTMW. In 
contrast, the North and South types resemble NPCMW with their wide CLT ranges and distributions 
in the eastward flow. Furthermore, using repeat hydrographic section data, Oka and Suga (2005) 
showed that NPCMW is classified into two types divided by the Kuroshio Bifurcation Front (KBF). 
This feature resembles the relationship between the eastern part of SPSTMW and the TF extension. 
This similarity between NPCMW and the eastern part of SPSTMW may explain why their 
temperature ranges are wider in the WOA 2001 climatology. Both mode waters may have separate 
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types on either side of a front in a synoptic field, and this characteristic is smoothed out in the WOA 
2001 climatology. 
One conclusion from the comparison of SPSTMW, NPSTMW, and NPCMW using 
climatological data is that the range of CLT in STMWs is closely related to the flow pattern of the 
large-scale circulation. The West type and NPSTMW have almost uniform CLT and are located in 
the recirculation region of the subtropical gyre. The eastern part of SPSTMW and NPCMW may 
both have two types divided by temperature fronts. It is reasonable that STMW, located in the 
recirculation region, has almost uniform water properties, because the streamlines are generally 
closed in the recirculation region. 
The results of this study are merely the first step in comparing different STMWs. Further 
comparison will advance our knowledge of the features of STMWs. Detection and comparison of 








Table 2.1: Summary of the results of the lag correlation analysis between the long-term variation in 
inventory, thickness, and core layer temperature (CLT) of three types of South Pacific Subtropical 
Mode Water (SPSTMW) and that of Sverdrup transport. The number of years in brackets denotes the 
lag, i.e., the Sverdrup transport leads. 
 
West type North type South type
Thickness -0.92 (12 year) -0.81 (10 year) Not significant
Inventory -0.90 (12 year) Not significant Not significant
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Figure 2.1: Summer (December–April) average temperature section of (a) the PX06 line using 29 
transects during 1986–2004 and (b) the PX30 line using 24 transects during 1992–2005. Color 
























Figure 2.2: Spatial structure of the thickness (m) of South Pacific Subtropical Mode Water 
(SPSTMW) and the mean position of the HRX lines. The PX06 line (bold line) and the PX30 line 
(dotted line) are superimposed on the dynamic height (m2 s-1) at 180 dbar relative to 1000 db, 


























































Figure 2.3: (a) Spatial distribution, (b) θ-S diagram, and (c) histogram of core layer water 
properties having sufficient thickness. Water properties west of 167°E and north of 30°S with a 
thickness greater than 120 m are plotted as blue circles in (a) and (b) and as blue bars in (c). Water 
properties east of 167°E and with a thickness greater than 120 m or those south of 30°S with a 
thickness greater than 60 m are plotted as red circles in (a) and (b) and as red bars in (c). The 
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Figure 2.4: Mean temperature (bold line) and standard deviation of temperature (shading) for the 









































Figure 2.5: (a) Temperature section in the PX06 line from April 1998. Color Shading shows the 
vertical temperature gradient (°C/100 m), and closed circles show the depth of the core layer 
temperature (CLT). (b) Scatter plots of CLT versus latitude. The size of the circles represents the 
vertical temperature gradient. Triangles in both panels show the positions of the East Auckland 





















Figure 2.6: Averaged core layer temperature (CLT) distribution using frontal coordinates with 
respect to the Tasman Front (TF) extension in summer (December–April). Error bars show the 






















Figure 2.7: Schematic synoptic spatial distribution of three types of SPSTMW and large-scale 


























Figure 2.8: Time series of long-term variation in inventory of the West, North, and South water 


























Figure 2.9: Time series of core layer temperature (CLT) of three water types. Thin and thick lines 
show the gridded time series and the long-term variation, respectively. Error bars show gridded 
value of the standard deviations in calculation of the mean CLT in each section. The West, North 

























Figure 2.10: Correlation coefficient exceeding the significance level of 5% between short-term 
variation of core layer temperature (CLT) of the South type and that of the heat flux at each grid 
point (positive [negative] significant correlation coefficient denoted by red bold [dotted] line) 
superimposed on the mixed layer depth (m) in winter. The mixed layer depth is defined as a depth 














































Figure 2.11: (a) Distribution of core layer temperature (CLT) of the thermostad with a thickness 
greater than 80 m, temperature of 14°–20°C, and vertical temperature gradient less than 
2.0°C/100 m or that with a temperature of 7°–13°C and vertical temperature gradient less than 
1.6°C/100 m in the North Pacific. (b) Distribution of CLT of the thermostad with a thickness 
greater than 80 m, a temperature of 14°–20°C, and a vertical temperature gradient less than 









Subtropical Mode Water (STMW), identified as a thermostad or pycnostad, is a remnant of 
the deepest mixed layer formed in the late winter (Hanawa and Talley 2001). Since the deepest 
mixed layer contains the memories of accumulated atmospheric forcing, such as strength of winter 
cooling or wind stress, STMW is regarded as a carrier which transmits these memories to the interior 
ocean below the winter mixed layer through the subduction process (Marshall et al. 1993) and to the 
sea surface in the next winter through the reemergence mechanism (Hanawa and Sugimoto 2004).  
The western part of the Indian Ocean subtropical gyre has a unique characteristic in the world 
ocean; Agulhas current forms Agulhas Retroflection south of African continent (Lutjeharms and 
Vanballegooyen 1988; Stramma and Lutjeharms 1997) and Agulhas Retroflection sheds Agulhas 
eddies into the South Atlantic Ocean (Gordon 1985; Goni et al. 1997). Temperature stratification in 
this area is also unique in the world ocean. Subsurface temperature stratification is considerably 
weak over 100-600 m compared to other subtropical oceans such as the North Pacific subtropical 
gyre (Fig. 3.1). 
While several authors have mentioned the existence of Indian Ocean STMW (IOSTMW), it 
is quite unclear whether STMW exists in the western part of Indian Ocean subtropical gyre as a 
robust structure. These studies are only based on the sectional observations along 32°S from 
November to December, 1987 (Fine 1993; Toole and Warren 1993) and in March 2002 (McDonagh 
et al. 2005), and Agulhas Retroflection Cruise (ARC) from November to December, 1983 (Gordon 
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et al. 1987; Olson et al. 1992). IOSTMW was not a main object of these studies and described only 
briefly. These studies do not provide sufficient information to judge whether thermostad/pycnostad 
formed in the winter mixed layer survives in the wide area and throughout the warming season. In 
this chapter, the complete figure of IOSTMW will be illustrated by investigating the water 
characteristics and spatial distribution of IOSTMW.  
 
3.2 Data and methods 
The temperature and salinity data of the Indian Ocean HydroBase climatology (IOHB; 
Kobayashi and Suga 2006) are used. Since HydroBase is constructed by averaging the original 
profile data isopycnally, the reproducibility of density structure is generally better than previous 
climatology, especially around strong density fronts. Kobayashi and Suga (2006) showed IOHB 
represents more realistic density stratification around Antarctic Circumpolar Current (ACC) 
compared to World Ocean Atlas 2001 (WOA; Stephens et al. 2002; Boyer et al. 2002). The IOHB 
climatology is provided at each 1° × 1° (latitude × longitude) horizontal grid and standard depth 
from the surface to the bottom. The standard depth data is interpolated to 10 m vertical intervals 
using Akima’s shape-preserving local spline (Akima 1970). The monthly climatology data of 
January, February and March is averaged over to calculate summer mean climatology in the 
Southern Hemisphere.  
I focus on the structure of “layer of minimum vertical temperature gradient (LMVTG)” to 
investigate the remnant of winter mixed layer using the summer temperature data. Deep mixed layer 
is capped by seasonal thermocline during heating season and generally forms the LMVTG between 
seasonal thermocline and permanent thermocline in summer. Therefore, we can investigate the water 
originating from winter mixed layer by detecting the LMVTG in the upper ocean temperature 
structure.  
The existence of IOSTMW is verified by examining whether a water mass which originates 
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from the deep winter mixed layer has a sufficient volume in the subsurface ocean to form a mode on 
the bivariate classes of temperature and salinity. Vertical temperature gradient at each vertical grid is 
calculated from temperature difference between adjacent grids below and above (their depth 
difference is 20 m). LMVTG is defined as a vertical temperature minimum layer thicker than 50 m. 
Core layer temperature (CLT) is defined to represent typical LMVTG temperature as the temperature 
with minimum vertical temperature gradient in the LMVTG. 
 
3.3 Water characteristics of LMVTG 
Two sub-regions of the western part of the subtropical gyre are defined to examine the 
characteristic of vertical temperature gradient structure in this region (Fig. 3.2): Region A (27°-35°E 
and 33°-38°S) and Region B (40°-48°E and 33°-38°S). In the both sub-regions, each profile contains 
two types of LMVTGs, one colder than 15°C and the other warmer than 15°C, while the temperature 
range of each type is different between two sub-regions. In Region A, the colder LMVTG appears 
around 11°-13°C with vertical temperature gradient as low as 1.1°C/100 m and the warmer LMVTG 
appears around 16.0°-18.0°C with vertical temperature gradient lower than 1.4°C/100 m. In Region 
B, the colder LMVTG appears around 12.0°-14.5°C with vertical temperature gradient as low as 
0.9°C/100 m and the warmer LMVTG appears around 15.5°-17.0°C with vertical temperature 
gradient lower than 1.0°C/100 m.  
Although two LMVTGs are confirmed as typical characteristics in these sub-regions, it is 
difficult to extract these LMVTGs with simple mechanical method. Figure 3.2 indicates that the 
warmer LMVTG cannot be detected applying any single threshold of vertical temperature gradient 
over the whole region. We cannot detect the warmer LMVTG in Region A applying the threshold of 
1.0°C/100 m, which is an appropriate threshold to detect the warmer LMVTG appearing in Region B. 
The vertical temperature gradient of the warmer LMVTG in Region A is higher than 1.0°C/100 m. 
On the other hand, we cannot detect the warmer LMVTG in Region B applying the threshold of 
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1.4°C/100 m, which is an appropriate threshold to detect the warmer LMVTG appearing in Region A. 
The vertical temperature gradient maximum layer below the warmer LMVTG in Region B has 
vertical gradient lower than 1.4°C/100 m. This situation is different from those in the other oceans. 
For instance, we can detect LMVTG corresponding to North Pacific STMW (NPSTMW; Masuzawa 
1969) in the western part of the North Pacific subtropical gyre reasonably well by applying any 
single threshold of vertical temperature gradient from 1.0°C/100 m to 1.8°C/100 m (Fig. 3.1). On the 
other hand, we have to apply several different thresholds of vertical temperature gradient to detect 
the whole warmer LMVTG appearing in the western part of the Indian Ocean subtropical gyre. It is 
important to note that this specialty of applying several different thresholds of vertical temperature 
gradient does not signify vulnerability existence of LMVTG, but rather technical problem to detect 
LMVTG from the weak temperature stratification. we can detect warmer LMVTG in both 
sub-region A and B reasonably well by applying any single threshold of vertical temperature gradient 
from 1.4°C/100 m to 2.0°C/100 m if sufficient temperature stratification (greater than 2.0°C/100 m) 
exists below warmer LMVTG.. 
In order to extract two LMVTGs from the weak temperature stratification with mechanical 
method, I changed the threshold of vertical temperature gradient continuously from 2.0°C/100 m to 
0.0°C/100 m with 0.02°C/100 m interval and try to detect two LMVTGs for each threshold of 
vertical temperature gradient. Figure 3.3 shows the two typical conceivable vertical temperature 
structures observed in the western part of Indian Ocean subtropical gyre. (a) The warmer LMVTG 
has lower vertical temperature gradient than that of the colder LMVTG and (b) vice versa. In the 
case of (a), the warmer LMVTG is detected as a first LMVTG using any threshold of vertical 
temperature gradient from 1.56°C/100 m to 1.32°C/100 m and the colder LMVTG is detected as a 
first LMVTG using any threshold of vertical temperature gradient from 1.22°C/100 m to 
1.18°C/100 m. In the case of (b), the warmer LMVTG is detected as a first LMVTG using any 
threshold of vertical temperature gradient from 1.20°C/100 m to 0.86°C/100 m and the colder 
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LMVTG is detected as a second LMVTG using any threshold of vertical temperature gradient from 
1.20°C/100 m to 1.04°C/100 m. Therefore, we can extract two core layer water characteristics of 
LMVTGs from the weak temperature stratification using this mechanical method.  
Applying this mechanical method to the wide area (20°-120°E and 10°-50°S) of Indian Ocean 
subtropical gyre, I detected one or two core layer water characteristics of LMVTGs for each grid 
point. The group of detected CLTs higher than 15.5°C is located in the area of 25°-50°E and 
33°-38°S (Fig. 3.4a). On the bivariate classes of temperature and salinity, two maxima of water 
characteristics appear around 8.0°-14.0°C and 34.3-35.3 psu and around 15.5°-17.5°C and 
35.3-35.6 psu (Fig. 3.4b). The CLTs higher than 15.5°C are located in the western part of Indian 
Ocean subtropical gyre and water characteristics of core layer form the maximum on the bivariate 
classes of temperature and salinity around 16.5°C and 35.5 psu. Therefore, I conclude that IOSTMW 
exists as a robust structure in the western part of the Indian Ocean subtropical gyre in summer.  
It is reasonable to consider that maxima of water characteristics with 8.0°-14.0°C and 
34.3-35.3 psu consists of two mode waters: Mode water centered around 12.0°-14.0°C and 35.0-35.4 
psu formed north of the Subtropical Front (STF; 10.0°-12.0°C and 34.6-35.0 psu at 100 dbar; Orsi et 
al. 1995) and mode water around 8.0°-10.0°C and 34.2-34.6 psu formed south of the STF which 
corresponds to SubAntarctic Mode Water (SAMW; MacCartney 1977, 1982). It has been shown that 
deep mixed layer is formed north of the STF in the longitude band of 60°-80°E (Wong 2005; Aoki et 
al. 2007). McDonagh et al (2005) suggested that mode water at 12.0°-14.0°C at 70°E along 32°S 
hydrographic line is subtropical rather than subantarctic. Since it is difficult to separate these two 
mode waters objectively using IOHB climatology, further study is required for this issue. 
The averaged IOSTMW water characteristics are calculated. All CLTs higher than 15.5°C are 
selected. The averaged IOSTMW water characteristics and standard deviations are 16.54°±0.49°C, 
35.51±0.04 psu and 26.0±0.1 θσ . According to Bryden et al. (2003), upper thermocline waters 
(10°-17°C) along the 32°S hydrographic line show substantial oscillation during 1936-2002. In order 
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to examine the time period which this averaged IOSTMW property represent, the source data to 
construct IOHB is analyzed. The source data obtained in the area of 20°-50°E and 30°-40°S during 
January-March patchy exits spatially and temporally during 1960-2004 with peak on 1970s and 
1990s. Therefore, I conclude this averaged water property represents the time period approximately 
during 1960-2004.  
The water characteristics of IOSTMW specified above is compared with those described by 
previous studies. The temperature specified in the present study is about 1°C lower than that those 
mentioned by Hanawa and Talley (2001) and Olson et al. (1992). Olson et al. (1992) mentioned and 
named South Indian Subtropical Mode Water with water characteristics of 17.6°C and 35.56 psu as a 
counterpart of STMW in North Atlantic using the observational data of ARC. The temperature 
difference between my result and theirs presumably comes from the difference in analyzed area. 
IOSTMW CLT has a spatial variation as indicated by Figure 2; the western part of IOSTMW has 
higher CLT. IOSTMW in Region A has CLT around 17.0°C and IOSTMW in Region B has CLT 
around 16.5°C. My result represents IOSTMW water characteristics more appropriately, because I 
treat CLT carefully for a wider region of the Indian Ocean subtropical gyre. 
 
3.4 Spatial distribution of IOSTMW 
In this section, the spatial distribution of IOSTMW will be examined in a view point different 
from LMVTG. While North Pacific Central Mode Water (NPCMW; Nakamura 1996; Suga et al. 
1997) forms LMVTG only in the area of 160°E-160°W and 35°-40°N, its signature as a lateral 
minimum of potential vorticity (PV) on the 26.4 θσ  isopycnal surface widely spreads southward up 
to 20°N from the formation area along the gyre flow path (Suga et al. 2004). In the area of weak 
temperature stratification below the mode water, the distribution area of the lateral minimum of low 
PV associate with the mode water sometimes does not correspond to the distribution area of 
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LMVTG associate with the mode water. 
Figure 5a shows the distribution of PV on the 26.1 θσ  isopycnal surface where the IOSTMW 
water characteristics form a mode on the bivariate classes of temperature and salinity (Fig. 3.4). The 
lateral minimum of low PV (less than 300×10-12 m-1s-1) on the 26.1 θσ  isopycnal surface is 
distributed over the area of 25°-50°E and 27°-38°S. The southern part of this area corresponds quite 
well to the distribution area of LMVTG. In the northern part of this area, 15.5°-17.5°C layer which 
corresponds to the IOSTMW temperature range contains low vertical temperature gradient as low as 
1.3°C/100 m, and does not form LMVTG because no stringer temperature stratification exists below 
15.5°-17.5°C layer. It is reasonable to consider that whole area of this lateral minimum of low PV 
corresponds to the remnant of winter mixed layer. Therefore, I conclude that low PV less than 300×
10-12 m-1s-1 on the 26.1 θσ  isopycnal surface represents the distribution area of IOSTMW 
appropriately. 
Here, I further show that IOSTMW distribution area can be described using temperature data 
alone with a simple criterion. Since IOSTMW CLT range corresponds to 15.5°-17.5°C (Fig. 3.4), I 
roughly estimate the thickness of 15.5°-17.5°C layer which is equivalent to the low PV of 300×
10-12 m-1s-1. Assuming that relative vorticity is negligible and the representative vertical salinity 
stratification is 0.07psu/100 m in this region, low PV less than 300×10-12 m-1s-1 is equivalent to 



















 (Eq. 3.1) 
α (thermal expansion coefficient) andβ  (salinity expansion coefficient) are calculated using the 
averaged IOSTMW water characteristics, and coriolis parameter f  at latitude of 30°S is used. The 
area of 15.5°-17.5°C layer thickness greater than 100 m corresponds to the distribution area of low 
PV less than 300×10-12 m-1s-1 on the 26.1 θσ  isopycnal surface fairly well (Figure 5b). I thus 
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suggest that the spatial distribution of the 15.5°-17.5°C layer thicker than 100 m can represent the 
distribution area of IOSTMW. 
 
3.5 Conclusion 
In this chapter, the complete figure of IOSTMW was presented using IOHB summer data. It 
is revealed that we can not detect whole IOSTMW as LMVTG with any single threshold of vertical 
temperature gradient because weak temperature stratification exists below IOSTMW. As changing 
the threshold of vertical temperature gradient continuously, it was confirmed that LMVTG is located 
in the western part of the Indian Ocean subtropical gyre as a substantial water mass, and its core 
layer water characteristics form a mode on the bivariate classes of temperature and salinity. I thus 
concluded that IOSTMW exists as a robust structure in this region in summer. The averaged water 
characteristics of IOSTMW approximately during 1960-2004 are 16.54°±0.49°C, 35.51±0.04 psu 
and 26.0±0.1 θσ . The temperature of IOSTMW is about 1°C lower than that recognized in the 
previous studies. A lateral minimum of low PV (less than 300×10-12 m-1s-1) associated with 
IOSTMW is distributed in the region of 25°-50°E and 27°-38°S on the 26.1 θσ  isopycnal surface 
where the IOSTMW water characteristics form a mode on the bivariate classes of temperature and 
salinity. Although this area is wider than LMVTG distribution area, this area represents IOSTMW 
distribution area more appropriately. I also showed that IOSTMW distribution area is easily 
described as the area where the 15.5°-17.5°C layer has thickness greater than 100 m. 
IOSTMW is regarded as a pivotal STMW to carry out the comparison study of STMW which 
is an effective approach to estimates the factors to determine the characteristic of STMW presented 
by Roemmich and Cornuelle (1992). Therefore, to reveal the complete figure of IOSTMW does not 
only deepen our knowledge about IOSTMW but also about STMW in the world ocean. The 
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Figure 3.1: Meridional temperature sections of western part of subtropical gyre in (a) Indian 
Ocean (42.5°E) and (b) North Pacific (145.5°E). Contour shows the temperature (°C ) and colored 





















































Figure 3.2: Relation between temperature (°C) and vertical temperature gradient (°C/100 m) in 








































Figure 3.3: Explanatory figure for the mechanical detection method. Two typical conceivable 
relation between vertical temperature gradient (°C/100 m) and depth (m) obtained at (a) 32.5°E 
and 35.5°S and (b) 41.5°E and 35.5°S. CL represents the core layer depth of LMVTG and dotted 
line shows the threshold of vertical temperature gradient which is changing from 2.0°C/100 m to 
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Figure 3.4: (a) Spatial distribution of CLT and (b) water characteristics of core layer on the 
bivariate classes of temperature and salinity detected by changing the thresholds of vertical 
temperature gradient with 0.02°C/100 m intervals. When two core layers are detected at a grid 
point, higher CLT is plotted on the spatial distribution of CLT and both water characteristics of 
core layer are counted to calculate the bivariate classes of temperature and salinity. In the figure 
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Figure 3.5: (a) Distribution of potential vorticity (10-12 m-1s-1) on the 26.1 θσ  isopycnal surface. 
The crosses represent all positions of LMVTG detected by changing thresholds of vertical 
temperature gradient from 0.5°C/100 m to 2.0°C/100 m at 0.1°C/100 m intervals. (b) The spatial 
distribution of thickness of the 15.5°-17.5°C layer greater than 100 m superimposed on the 





Comparison study of spatial structure of Subtropical Mode 




At this stage of this dissertation, the preparation to carry out “comparison study of 
Subtropical Mode Water (STMW)” has been complete. This chapter has two purposes. The first one 
is to illustrate the spatial structure of STMW in the world ocean quantitatively using unified criterion. 
Second one is to evaluate the dominant factor which determines the thickness of STMW by 
comparing STMWs among basins. The contents of this chapter are as follows. Section 4.2 describes 
the data and methods used in this study. The spatial structure of STMW is described using unified 
criterion in section 4.3 In section 4.4, the dominant factor to determine the STMW thickness is 
evaluated. Section 4.5 provides a discussion and section 4.6 gives a summary and conclusion.   
 
4.2 Data and methods 
The temperature and salinity climatology data of HydroBase (Lozier et al. 1995; Macdonald 
et al. 2001; Kobayashi and Suga 2006) and World Ocean Atlans 2001 (WOA; Boyer et al. 2002; 
Stephens et al. 2002) are used in this chapter. The HydroBase monthly climatology is provided on a 
1° × 1° (latitude × longitude) spatial grid at standard levels (0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 
250, 300, 400, 500, 600 m…). The WOA seasonal climatology dataset is provided on a 0.25° × 0.25° 
(latitude × longitude) spatial grid at standard levels. Each of the two datasets has advantages over the 
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other in terms of the reproductivity of the upper ocean temperature structure. Since the HydroBase 
climatology is constructed by isopycnal averaging using temperature and salinity data, the 
reproducibility of the temperature structure near the strong density fronts, e.g. the Kuroshio, the Gulf 
Stream and the Antarctic Circumpolar Current tends to be better. HydroBase reproduces better 
temperature structure around strong density fronts with rich temperature and salinity observational 
data. On the other hand, the reproducibility of WOA temperature structure in the South Pacific tends 
to be better than that of HydroBase; WOA reproduces better temperature structure around weak 
fronts especially where salinity data are poorly sampled. WOA temperature structure is constructed 
by isobar averaging only using temperature data. Since it was confirmed that almost the same results 
are obtained based on the two datasets, only the result based on HydroBase is shown here. The 
National Oceanography Centre heat flux dataset (Josey et al. 1998) is used to estimate the strength 
of winter cooling. The strength of winter cooling is estimated by averaging sea surface heat flux 
during the hemisphere winter: December, January and February for the Northern Hemisphere and 
June, July and August for the Southern Hemisphere.  
Standard depth data are interpolated to 10-m vertical intervals using Akima’s 
shape-preserving local spline (Akima 1970). Vertical temperature (salinity) gradient at a certain grid 
is calculated from temperature (salinity) difference between vertically adjacent grids below and 
above that grid (their depth difference is 20 m). Potential vorticity (PV) is also calculated from 








 (Eq. 4.1) 
The monthly climatology data of July, August and September are averaged to calculate the summer 
mean climatology in the Northern Hemisphere and those of January, February and March are 
averaged to calculate the summer mean climatology in the Southern Hemisphere. 
I focus on the structure of “layer of minimum vertical temperature gradient (LMVTG)” to 
investigate the remnant of winter mixed layer using the summer temperature data. Deep mixed layer 
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is capped by seasonal thermocline during heating season and generally forms LMVTG between 
seasonal thermocline and permanent thermocline in summer. Therefore, we can investigate the water 
originating from winter mixed layer by detecting LMVTG in the upper ocean temperature structure.  
The core layer of LMVTG is defined as the layer at the absolute minimum of the vertical 
temperature gradient (dT/dz) in LMVTG for each profile. The core layer preserves the best record of 
the winter time mixed layer condition because it is expected to suffer least modification. 
Several physical parameters are also defined. Main thermocline depth (MTD) is defined as 
the depth with maximum temperature gradient below 300 m in each profile. Though we examine the 
relation between recirculation region (RR) and distribution area of STMW, it is quite difficult to 
define RR exactly using hydrographic data. We cannot separate the “wind-driven Sverdrup 
circulation component” and inertial circulation component using hydrographic data appropriately 
(Wunsch and Roemmich 1985; Hautala et al. 1994; Aoki and Kutsuwada 2007). Since we do not 
have a common criterion to define RR, RR is defined subjectively by the closed contour of dynamic 
height at 200 m relative to 1000 m so that the defined RR corresponds to the previous description of 
RR in each basin; the North Pacific for Suga and Hanawa (1995b), the North Atlantic for 
Worthington (1976), the South Pacific for Ridgway and Dunn (2003), the South Atlantic for Peterson 
and Stramma (1991) and the Indian Ocean for Stramma and Lutjeharms (1997). The depth of 200 m 
is a typical depth where STMW is located. 
 
4.3 Spatial structure of STMW in the world ocean 
4.3.1 Unified definition of STMW in the world ocean 
In order to compare STMWs among basins, the common criterion to define STMW among 
basins is required. However, LMVTGs in the world ocean are not extracted appropriately using a 
single threshold of temperature and dT/dz because the degree of homogeneity of LMVTG and the 
intensity of background temperature stratification are different from basin to basin (Fig. 4.1). In this 
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section, the procedure to prepare the unified definition of STMW in the world oceans is presented.  
First, different thresholds of temperature and dT/dz (Table 4.1) are applied to extract robust 
LMVTG (thicker than 30 m) in each basin (Fig. 4.2). In order to extract core layer of IOSTMW 
appropriately, the threshold of dT/dz is changed continuously from 2.0°C/100 m to 0.0°C/100 m 
with 0.02°C/100 m interval (Chapter 3). Then, the conditions of distribution area are applied to 
LMVTG to define STMW in each basin: 20º-40ºN and 120ºE-160ºW for the North Pacific, 20º-45ºN 
and 95º-30ºW for the North Atlantic, 20º-35ºS and 160ºE-170ºW for the South Pacific, 25º-45ºS and 
70ºW-0º for the South Atlantic and 25º-45ºS and 10º-60ºE for the Indian Ocean. Some LMVTGs 
which are distributed outside the generally recognized distribution area are excluded in the South 
Pacific and the South Atlantic. Finally, the core layer water properties are averaged over each 
STMW to calculate mean water characteristics of each STMW (Table 4.1). 
Based on mean properties of each STMW calculated above, STMW is defined as the layer of 
mean core layer temperature (CLT)±1ºC with its thickness greater than 100 m in the unified manner. 
Furthermore, the conditions of the STMW distribution area are applied to the North Atlantic (west 
side of 30°W) and to the South Atlantic (west side of 0°) in order to exclude Madeira Mode Water 
(Kase et al. 1985; Siedler et al. 1987) and South Atlantic Eastern STMW (Provost et al. 1999). They 
are located in the eastern part of subtropical gyre, having almost the same temperature as STMW 
has. 
Mean core layer water characteristics of North Pacific STMW (NPSTMW; 16.68º±0.27ºC 
and 34.73±0.03 psu) and North Atlantic STMW (NASTMW; 17.81º±0.30ºC and 36.45±0.07 psu) 
correspond to the result of previous studies (Worthington 1959; Masuzawa 1969; Suga and Hanawa 
1995b; Kwon and Riser 2004). The wide temperature range of SPSTMW (14.5º-19.0ºC in Fig. 4.2b) 
covers the water characteristics of three types of SPSTMW (Chapter 2). The wide water property 
range of South Atlantic STMW (SASTMW; 11.0º-15.0ºC and 34.9-35.6 psu in Fig. 4.2b) covers the 
water characteristics of type 2 and type 3 SASTMW (Provost et al. 1999). The water characteristics 
 56
of type 1 SASTMW (26.2 θσ  and 17.0±1.0ºC) are not extracted using HydroBase and WOA 
temperature dataset. Since type 1 SASTMW is thinner than that of type 2 and type 3 (Provost et al. 
1999), type 1 SASTMW possibly do not survive throughout heating season in the Southern 
Hemisphere. Different types of SPSTMW and SASTMW are not resolved in the climatology; they 
are represented as STMW with wide water property range.  
 
4.3.2 Horizontal structure of STMW in the world ocean 
Figure 4.3 shows the distribution of STMW thickness defined by the unified criterion 
(averaged CLT±1ºC and its thickness greater than 100 m). As already described by the previous 
studies (Worthington 1959; Masuzawa 1969; Suga and Hanawa 1995b; Kwon and Riser 2004), thick 
part of NASTMW, NPSTMW and IOSTMW are located within RR in each basin. On the other hand, 
SPSTMW and SASTMW are located within the eastward flow region in addition to within RR. 
Though SPSTMW seems not to be located within RR, this appearance comes from the characteristic 
of HydroBase temperature structure in this area. A part of SPSTMW is located within RR based on 
WOA temperature dataset (Chapter 2). It is notable that thicker SASTMW (greater than 150 m) is 
located in the area of 32º-37ºS and 40º-20ºW which is clearly outside RR. This unique spatial 
characteristic will be mentioned in the conclusion section. 
Here, we can categorize the STMW into two groups considering the relation between 
distribution area and number of types belonging to STMW. While thick parts of STMWs with a 
single water characteristic (NPSTMW, NASTMW and IOSTMW) are largely located within RR, 
STMWs that consist of multiple types (SPSTMW and SASTMW) are located inside RR and within 
the eastward flow region (Table 4.2).  
It is reasonable that STMW located within RR has almost uniform water property. Since the 
streamlines are generally closed in RR, RR prepares the field with almost the same water property. 
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The water property outside RR should be different from that within RR because density front exists 
between the area inside RR and the area outside RR. Therefore, STMW formed within RR tends to 
have uniform water property and STMW formed outside RR tends to have different water properties 
from that formed within RR.  
 
4.3.3 Vertical structure of STMW in the world ocean 
The histograms of dT/dz, vertical salinity gradient (dS/dz) and PV of STMW are examined in 
order to illustrate the characteristics of vertical structure of STMW in the world ocean (Fig. 4.4). 
NASTMW has the lowest dT/dz (1.05±0.40ºC/100 m), dS/dz (0.13±0.07 psu/100 m) and PV 
(114±50×10-12 m-1s-1), indicating that NASTMW has the most homogeneous vertical structure in 
the world ocean. The similar shapes of dT/dz, dS/dz and PV histogram of NPSTMW and IOSTMW 
suggest that the vertical structures of temperature, salinity and density of NPSTMW and IOSTMW 
are almost the same. SPSTMW shows the highest dT/dz (1.87±0.30ºC/100 m), dS/dz 
(0.13±0.04 psu/100 m) and PV (245±43×10-12 m-1s-1), indicating that SPSTMW has the least 
homogeneous vertical structure in the world ocean. 
The vertical structure of SASTMW is significantly different from the other STMWs. While 
two LMVTGs corresponding to NPSTMW and SASTMW has almost the same distribution of dT/dz, 
the distribution of dS/dz is significantly different from each other (Fig. 4.5). In the North Pacific, 
weak temperature stratification (less than 1.4ºC/100 m) corresponds quite well to weak salinity 
stratification (less than 0.1 psu/100 m), indicating that NPSTMW is a remnant of the winter mixed 
layer. On the other hand, in the South Atlantic, weak temperature stratification (less than 
1.4ºC/100 m) contains not only weak salinity stratification (less than 0.1 psu/100 m) in the upper 
part but also unstable salinity stratification (greater than 0.1 psu/100 m) in the lower part. The layer 
of this weak homogeneity of salinity indicates that this layer is not the remnant of the winter mixed 
layer and another formation mechanism of that must exist. A possible mechanism to form this layer 
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(SASTMW) will be mentioned in the conclusion section. Because of this large unstable salinity 
stratification, SASTMW reveals lower PV (less than 128±38×10-12 m-1s-1) than that of NPSTMW 
(less than 198±48×10-12 m-1s-1). The vertical structure of SASTMW is characterized by highly 
density-compensating T/S stratification. 
The dT/dz, dS/dz and PV histograms of NASTMW have positive skewness (1.00; 0.97; 1.84) 
since thermostad with dT/dz less than 2.0ºC/100 m is defined as STMW according to the definition 
of STMW (temperature layer with averaged CLT±1ºC and its thickness greater than 100 m). The 
mean dT/dz, dS/dz and PV have positive biases from the median value. The dS/dz histogram of 
SASTMW has negative skewness (-0.53). Therefore, the median values of dT/dz, dS/dz and PV 
represent the characteristic of the vertically most homogeneous part of each STMW more 
appropriately than mean value of dT/dz, dS/dz and PV do. 
The characteristics of vertical structure of each STMW are presented using dT/dz, dS/dz and 
PV median value (Fig. 4.6). It is clearly shown that NASTMW has the strongest vertical 
homogeneity for temperature, salinity and density. NPSTMW and IOSTMW reveal moderate 
vertical homogeneity and SPSTMW has the weakest vertical homogeneity. SASTMW shows unique 
vertical structure sustaining moderate PV with density-gradient-compensating high dT/dz and quite 
high dS/dz. 
 
4.4 Dominant factor to determine the STMW thickness in the world ocean 
It is generally recognized that thicker STMWs are located in the Northern Hemisphere with 
stronger WBC and stronger winter cooling. Here, we consider which factor is important to form 
thicker STMW by comparing STMWs among basins. SASTMW is excluded from comparison 
because its vertical structure is different from the other STMWs. The mean STMW thickness, 
strength of winter cooling and MTD are calculated by applying the window over which averages are 
taken: the box (latitude × longitude) of 5° × 20° for STMW thickness, 3° × 10° for sea surface heat 
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flux and 10° × 40° for MTD. The position of the box is determined so that the resulting mean value 
takes the maximum within each basin. Since determining the WBC transport is a difficult task, WBC 
transports used in this study are subjectively determined consulting previous studies (Table 4.3). 
Mean MTD is another measure of the WBC strength because deeper MTD corresponds to stronger 
tilt of isotherms in the western part of subtropical gyre, which is directly connected to WBC strength 
by the thermal wind relation. 
Larger surface heat flux does not appear necessary to result in thicker STMW. In spite of the 
strongest winter cooling in its formation area, NPSTMW is much thinner than NASTMW and 
comparable to IOSTMW which is exposed to much weaker cooling (Fig. 4.7a). On the other hand, 
the larger the WBC transport is, the thicker STMW appears (Fig. 4.7b). Note that the WBC transport 
in the North Pacific and the Indian Ocean are comparable and these basins have almost the same 
STMW thickness. The positive correlation between the WBC transport and the STMW thickness is 
also supported by tight positive correlation between the STMW thickness and MTD which is a proxy 
of WBC transport. This result suggests that stronger WBC is the dominant factor to form thicker 
STMW. Though winter cooling is essential to form STMW itself, difference in STMW thickness in 
each basin is not due to difference in strength of winter cooling. 
 
4.5 Discussion  
In this chapter, we will discuss why NASTMW is the thickest STMW in the world ocean due 
to the effect of WBC transport from a view point of vorticity dynamics. 
In the wind-driven general circulation model, the recirculation gyre appears as a strong 
sub-basin scale inertial flow with homogeneous PV. Cessi et al. (1987) examined how the 
recirculation gyre appears using simple barotropic model driven by anomalous low PV applied at the 
northern boundary of rectangular ocean. This boundary forcing mimics the effect of WBC or 
diabatic forcing producing low PV at the northern edge of subtropical gyre. They showed that 
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homogenized value of PV decreases and the size and strength of the recirculation gyre increase when 
anomalous low PV at the northern boundary decreases. Although they clearly showed how 
recirculation gyre appears as changing the input of low PV, it is still unclear what the source of low 
PV at the edge of the northern subtropical gyre is. 
As shown by Fig. 4.3, thick part of STMW prevails within RR except for SASTMW. 
Therefore, it seems reasonable to assume that absolute PV of recirculation gyre is approximated by 
the PV of STMW except for the South Atlantic. This assumption actually implies that recirculation 
gyre and STMW are different aspects of the same ocean structure and the relative PV of recirculation 
gyre can be neglected compared to the planetary PV of recirculation region (PV of STMW is 
calculated using Eq. 4.1). Under this assumption, input of low PV at the northern boundary of 
subtropical gyre is equal to the PV of recirculation region and PV of STMW, and strength of 
recirculation gyre is proportional to PV of STMW. This assumption seems to work well qualitatively 
when we compare PV of STMW and strength of recirculation gyre. Strength of recirculation gyre in 
the North Atlantic (35 Sv; Reid 1994) is stronger than those in the North Pacific (15 Sv; Imawaki et 
al. 2001) and in the Indian Ocean (20 Sv; Stramma and Lutjeharms 1997). This relation is consistent 
with the result that PV of NASTMW (114±50×10-12 m-1s-1) is lower than PV of NPSTMW (198±48
×10-12 m-1s-1) and PV of IOSTMW (211±62×10-12 m-1s-1). 
Combining the result of Cessi et al. (1987) and “comparison study of STMW”, two 
conclusions can be drawn under this assumption. First, the thickness of STMW is determined by the 
input of low PV at the edge of the subtropical gyre. STMW thickness is related to the PV of STMW 
quite well because PV of STMW and dT/dz of STMW have strong relation except for SASTMW 
(Fig. 4.6). Second, the low PV carried by WBC is the dominant factor to maintain input of low PV at 
the edge of subtropical gyre. The fact that difference of strength of winter cooling does not mainly 
influence the thickness of STMW means that difference of strength of winter cooling does not 
mainly play the key role in producing low PV at the northern boundary of subtropical gyre. This 
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conclusion gives a physical interpretation to the low PV applied at the northern boundary of 
rectangular ocean by Cessi et al. (1987). Therefore, it is concluded that input of low PV carried by 
stronger WBC forms thicker STMW. 
WBC consists of “wind-driven” component, recirculation gyre component and meridional 
overturning component (Table 4.4). Regarding the input of low PV at the northern edge of 
subtropical gyre, “wind-driven” component and meridional overturning component undertake a 
major role of it. Assuming that the input of low PV carried by WBC is proportional to the volume of 
“wind-driven” component and meridional overturning component among basins, the North Atlantic 
(50 Sv), the North Pacific (50 Sv) and the Indian Ocean (45 Sv) have almost the same magnitude of 
input of low PV carried by WBC. However, the North Atlantic has the ideal condition to have the 
largest net low PV carried by WBC compared to the other basins. That is, it has no effective 
mechanism allowing anomalous low PV to escape or dissipate. The Indian Ocean intermittently 
release Agulhas eddies bringing out low PV into the South Atlantic. The eddies effectively transfer 
low PV from the Indian Ocean to the South Atlantic. The complex bottom topography such as 
Tokara strait and Izu-Ogasawara ridge in the North Pacific may dissipate low PV carried by the 
Kuroshio effectively. The Tsushima Current may also transfer low PV from the North Pacific to the 
Japan Sea continuously. Therefore, magnitude of net low PV carried by WBC in the North Atlantic is 
the largest in the world ocean, which results in the formation of the thickest STMW in the world 
ocean. 
 
4.6 Summary and conclusion 
In this chapter, the “comparison study of STMW” in the world ocean was firstly carried out. 
Quantitative comparison of STMW was made by defining STMW in the world ocean with a unified 
criterion. Regarding the characteristics of horizontal structure, STMWs are categorized into two 
groups from the viewpoint of the relation to the large scale circulation pattern and the number of 
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types of STMW water characteristics. While NASTMW, NPSTMW and IOSTMW, which have a 
single type of water characteristics, are located almost within RR, SPSTMW and SASTMW, which 
have multi-types of water characteristics, are located both in RR and in the eastward flow region. 
Regarding the characteristics of vertical structure, it is presented that NASTMW is the thickest 
(276±23 m) in the world ocean and NPSTMW, SASTMW and IOSTMW have almost the same 
thickness (168±16 m; 155±16 m; 149±15 m). SPSTMW is the thinnest STMW (108±8 m) in the 
world ocean.  
By comparing the thickness of STMW, strength of winter cooling and strength of WBC, it is 
revealed that stronger WBC causes thicker STMW; the strength of winter cooling does not play a 
major role in determining the STMW thickness in each basin. In spite of the strongest winter cooling 
in its formation area, NPSTMW is much thinner than NASTMW and comparable to IOSTMW 
which is exposed much weaker cooling. The positive correlation between the WBC transport and the 
STMW thickness is also supposed by tight positive correlation between the STMW thickness and 
MTD which is a proxy of WBC transport. It should be emphasized that this is the first study to 
clearly state that the strength of WBC is the dominant factor to form thicker STMW.  
From the view point of vorticity dynamics, we could say that the North Atlantic has the ideal 
condition to have the largest net low potential vorticity (PV) brought by WBC, which takes a key 
role in forming the thickest STMW in the world ocean. That is, it has no effective mechanism 
allowing anomalous low PV to escape or dissipate. The Indian Ocean intermittently release Agulhas 
eddies bringing out low PV into the South Atlantic. The complex bottom topography such as Tokara 
strait and Izu-Ogasawara ridge in the North Pacific may dissipates low PV carried by the Kuroshio 
effectively. The Tsushima Current may also transfer low PV from the North Pacific to the Japan Sea 
continuously.  
The uniqueness of spatial structure of SASTMW indicates its different formation mechanisms 
from those of the other STMWs. First, thick part of SASTMW (greater than 150 m) is located 
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outside RR (Fig. 4.3; 40º-20ºW and 32º-37ºS). Second, SASTMW vertical structure is characterized 
by a highly density-compensating T/S stratification (Fig. 4.5). Third, the horizontal Turner angle at 
the sea surface in winter is higher in the presumable SASTMW formation region (60º-30ºW, 
30º-50ºS) while the presumable formation regions of other STMWs have low horizontal Turner 
angle (Johnson 2006). This characteristic is similar to that of the formation region of North Pacific 
Eastern Subtropical Mode Water (NPESTMW; Hautala and Roemmich 1998) and South Pacific 
Eastern STMW (SPESTMW; Wong and Johnson 2003). NPESTMW and SPESTMW are located 
outside RR and their vertical structures are characterized by a density-compensating T/S 
stratification. These similarities possibly suggest that low PV associated with SASTMW is formed 
by the same mechanism of NPESTMW, in which wide spacing of density outcrop lines is the 
dominant factor to form the low PV (Hosoda et al. 2001). The different types of SASTMW having 
different temperature and salinity and similar density might overlap each other, forming low density 
stratification forming a highly density-compensating T/S stratification. Detailed examination of this 
issue is out of scope of the present study and further study is required. 
The schematic figure is presented regarding the relation among the components of WBC, RR 
and STMW thickness in the world ocean (Fig. 4.8). This figure provides a useful working hypothesis 
for further STMW studies. The North Atlantic has the thickest STMW in the world ocean because 
the North Atlantic effectively preserves low PV carried by the Gulf Stream. The North Pacific and 
Indian Ocean have STMW with moderate thickness because even though the stronger WBC carries 
low PV to the western part of subtropical gyre, the processes to dissipate low PV appear to exist in 
these basins such as complex topography and the Tsushima Current in the North Pacific and Agulhas 
eddies in the Indian Ocean. The South Pacific has the thinnest STMW because weaker WBC does 
not carry much low PV to the western part of subtropical gyre. SPSTMW has three-types of STMW 
because it is located both in RR and outside RR. The South Atlantic has unique STMW which is 
distributed outside RR with highly density-compensating T/S stratification. The different types of 
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Table 4.1: Thresholds of temperature and dT/dz used to extract LMVTG and averaged water 
characteristics of each STMW 











Averaged CLT (°C) 16.68±0.27 17.81±0.30 16.94±1.29 13.83±0.84 16.44±0.45



















Table 4.2: Distribution area and number of types of STMW in each basin 
 
NPSTMW NASTMW SPSTMW SASTMW IOSTMW
Distribution
area RR RR RR+EFR RR+EFR RR
Types 1 1 3 3 1
 







Table 4.3: WBC transport presented by previous studies in each basin and WBC transport used in 
this study based on those estimates 
Transport (Sv)






North Pacific 55±10 Imawaki et al . (2001) 57 1000 at ASUKA like
Qiu and Joyce (1992) 52.4 1250 JMA 137°E line
North Atlantic 100±15 Reid (1994) 100
Leaman et al.  (1989) 93.7 at Cape Hatteras
Halkin and Rossby
(1985)
87.5±17.3 2000 at Cape Hatteras
Hogg (1983, 1992) 150 at 50°-60°W
South Pacific 20±10 Mata et al.  (2000) 20.4 1000 WOCE PCM3
23.7 2000 WOCE PCM3
South Atlantic 30±15 Maamaatuaiahutapu
et al.  (1998)
30±7 1500
Gordon  (1989) 21.5 1500
Indian Ocean 70±15 Beal and Bryden(1999) 73 LADCP


















Table 4.4: Components of WBC transport (Sv) in each basin. Wind-driven component is 
approximated by the Sverdrup transport. Recirculation gyre component and meridional 
overturning component are specified based on the estimation by Reid (1994) for the North 
Atlantic, Imawaki et al. (2001) for the North Pacific and Stramma and Lutjeharms (1997) for the 
Indian Ocean. 
 
North Atlantic North Pacific Indian Ocean
Wind-driven component 30 50 45
Recirculation gyre component 35 15 20
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Figure 4.1: Meridional temperature sections of the western part of subtropical gyre in each basin. 
Contour shows the temperature (°C) and colored shade shows the vertical temperature gradient 


















































Figure 4.2: (a) Distribution area and (b) T-S diagram of robust LMVTG (thicker than 30 m) 
extracted using different thresholds of temperature and dT/dz in each basin. Colored dots show 
each STMW and gray dots show the excluded LMVTG using the condition of distribution area. 













































Figure 4.3: Spatial distribution of STMW thickness (m) superimposed on the dynamic height 
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Figure 4.4: Histogram of dT/dz (ºC/100 m), dS/dz (psu/100 m) and PV (10-12 m-1s-1) at all grid 
points contained in STMW. Red arrow shows the median value of each property. Number of grid 
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Figure 4.5: Meridional sections of dT/dz (ºC/100 m), dS/dz (psu/100 m) and PV (10-12 m-1s-1) 
along the 145.5ºE line in the North Pacific (top panels) and along the 34.5ºW line in the South 
Atlantic (bottom panels). The blue lines in the dS/dz section denote the 1.4ºC/100m and 
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Figure 4.6: Comparison of dT/dz (ºC/100 m; top coordinate), dS/dz (psu/100 m; middle 
coordinate) and PV (10-12 m-1s-1; bottom coordinate) of each STMWs. The median values of each 
property of STMW are plotted. Error bar shows the width of histogram bar shown in Fig. 4.4. NA, 




















































Figure 4.7: Scatter plot between two physical parameters. (a) surface heat flux and STMW 
thickness, (b) WBC transport and STMW thickness and (c) MTD and STMW thickness. NA, NP, 
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Figure 4.8: Schematic figure of relation among components of WBC (red and orange arrow), RR 
(blue arrow) and STMW thickness (green column) in each basin. The averaged value of STMW 
thickness (TH), WBC transport and MTD are also shown. In the South Pacific and South Atlantic, 
the schematic distribution of multi-types of STMW is presented as colored column. The label in 
the South Atlantic denotes the presumable sea surface condition in the SASTMW formation 









In this dissertation, the “comparison study of Subtropical Mode Water (STMW)” in the world 
ocean was firstly carried out to understand the spatial structure of STMW quantitatively and factors 
to determine the basic characteristic of STMW, such as thickness, numbers of types of water 
characteristics and the relation to the general circulation including western boundary current (WBC) 
and associated recirculation gyre. In order to conduct “comparison study of STMW”, the basic 
description of STMW located in the Southern Hemisphere was firstly required. The basic description 
about South Pacific STMW (SPSTMW) and Indian Ocean STMW (IOSTMW) were conducted in 
Chapter 2 and Chapter 3. Then, the comparison study of STMW in the world ocean was made in 
Chapter 4. 
In Chapter 2, the detailed spatial structure and temporal variability of SPSTMW was 
investigated mainly using World Ocean Atlas (WOA) 2001 climatology and the high-resolution 
expendable bathythermograph (HRX) line data. SPSTMW is an ideal STMW to compare that 
located in the Northern Hemisphere since the environments to form STMW are completely different, 
such as the strength of winter cooling, the strength of WBC and the flow-pattern of general 
circulation. By detailed examination of spatial distributions using WOA 2001 climatology and 
HRX-PX06 line data, I concluded that SPSTMW can be classified into three types, such as the West, 
North, and South types. The West type, situated in the recirculation region (RR) of the East Australia 
Current (EAC), has a core layer temperature (CLT) of about 19.1°C; the North type, in the region 
north of the Tasman Front (TF) extension, has a CLT of about 17.6°C; and the South type, in the 
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region south of the TF extension, has a CLT of about 16.0°C. This existence of three-types STMWs 
is quite different from that the general recognition of STMW in the Northern Hemisphere. STMW in 
the Northern Hemisphere has water characteristic with one mode on the bivariate classes of 
temperature and salinity and STMW is almost located within RR.  
The temporal variation of SPSTMW is also used using HRX line data. The long-term (>6 yr) 
variations in the inventories of the three types were dissimilar to each other. The short-term (<6 yr) 
and long-term variations in the mean CLT of the North and South types were greater than that of the 
West type. Winter cooling in the previous year may have influenced the short-term variation in the 
South-type CLT. Moreover, the strength of the EAC may have influenced long-term variation in the 
West-type inventory and thickness and in the North-type thickness and CLT. Though the relation 
between winter cooling and temporal variation of CLT on the short-term is similar to that of 
NPSTMW, the relation between the temporal variation of strength of WBC and that of thickness is 
opposite. This opposite relation might come from the absolute strength of winter cooling in each 
basin. 
In Chapter 3, the complete picture of IOSTMW was firstly presented. As changing the 
threshold of vertical temperature gradient continuously, I succeeded to extract water mass 
originating from mixed layer appropriately from the weak stratified temperature structure in the 
western part of the Indian Ocean subtropical gyre. Since this water mass forms a mode on the 
bivariate classes of temperature and salinity, I concluded that IOSTMW exists as a robust structure 
in this region in summer. The averaged IOSTMW water characteristics are 16.54°±0.49°C, 35.51±
0.04 psu and 26.0±0.1 θσ  approximately during 1960-1990. It was also revealed that IOSTMW 
distribution area is 25°-50°E and 27°-38°S as the area of a lateral minimum of low potential vorticity 
(PV; less than 300×10-12 m-1s-1) on the 26.1 θσ  isopycnal surface. It is worth to note that IOSTMW 
has one mode on the bivariate classes of temperature and salinity and IOSTMW is almost located 
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within RR, which characteristics are compared to that of the other STMWs in Chapter 4. 
In Chapter 4, the comparison study of spatial structure of STMW in the world ocean was 
firstly carried out. By defining STMW in the world ocean with a unified criterion, I succeeded to 
compare STMW in the world ocean quantitatively. Mentioning about the characteristic of horizontal 
structure, I categorized STMW into two groups from the view point of the relation between the 
general circulation and number of types of STMW water characteristic. While North Atlantic STMW 
(NASTMW), NPSTMW and IOSTMW which have one type of water characteristics are almost 
located within the RR, SPSTMW and South Atlantic STMW (SASTMW) which have multi-types of 
water characteristics are located within and outside the RR. Mentioning about the characteristic of 
vertical structure, it is shown that NASTMW is the thickest STMW (276±23 m) in the world ocean 
and NPSTMW, SASTMW and IOSTMW have almost the same thickness (168±16 m; 155±16 m; 
149±15 m). SPSTMW is the thinnest STMW (108±8 m) in the world ocean.  
By comparing the thickness of STMW, strength of winter cooling and WBC, it is presented 
that stronger WBC is more important factor to form thicker STMW than strength of winter cooling. 
From a view point of vorticity dynamics, we could say that thicker STMW can be formed because 
stronger WBC carries much low PV to the edge of subtropical gyre. It should be emphasized that 
this is the first study to clearly state the WBC as dominant factor to form thicker STMW.  
Based on the above result, we can address two reasons why NASTMW has the thickest 
thickness in the world ocean. First, considering the component of WBC as “wind-driven” component, 
recirculation gyre component and meridional overturning component, meridional overturning 
component should be the important factor to form the thickest STMW in the North Atlantic. Though 
the magnitude of wind-driven component in the the North Atlantic is smaller than that in the North 
Pacific and the Indian Ocean, the North Atlantic only has the meridional overturning component in 
the world ocean. Second, the North Atlantic has the ideal condition to accumulate the low PV carried 
by WBC than the other basins. The Indian Ocean can not preserve low PV effectively because 
 80
Agulhas eddies bring out low PV intermittently. The North Pacific may not be able to preserve low 
PV effectively because the complex bottom topography, such as Tokara strait or Izu-Ogasawara 
ridge, may dissipate low PV carried by the Kuroshio. The Tsushima Current may also bring out low 
PV continuously.      
By comparing STMWs in the world ocean, this dissertation highlights the similar points and 
dissimilar points clearly and suggested the main factor to form these differences (Fig. 4.8). This 
figure should be a useful working hypothesis for future STMW study. Several highlighted 
dissimilarities include interesting research topics for further studies. Here, I address two interesting 
research topics. First, the difference of relation to general circulation of NPSTMW and SPSTMW 
(Fig. 2.11) suggests the different dynamical mechanism to form this dissimilar STMW spatial 
characteristic. Second, the uniqueness of vertical structure of SASTMW characterized by a highly 
density-compensating T/S stratification (Fig. 4.5) indicates the different formation mechanisms 
which might be similar to that of eastern STMW.  
This dissertation firstly states that strength of WBC is the dominant factor to determine the 
thickness of STMW. This dissertation also presents a lot of research topics for individual STMW. 
The future study of STMW (mode water) should be promoted from two aspects: comparison study 
of STMW (mode water) and detailed study for individual STMW (mode water). These subsequent 
studies will be devoted to the study to understand the mechanism how upper ocean structure is 
determined, to understand the ocean-atmosphere long-term variability, to promote 
palaeoceanography and to develop the interdisciplinary oceanography among the physical, chemical 
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